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O.  INTRODUCTION

It is the purpose of +this +thesis to give a number of

designs ¥for +the loglcal construction of an sutomatio computing
machine. They all will be based on the same principles.

The paper oonsists of three parts. Part 1 describes the
logical saystem of an existing ocomputing machine, called PTERA.

A new project for a machine, ocalled ZEBRA, was obtained by
elaborating the fundamental idea of PTERA, and by removing some

objeotione 1inherent in PTERA, while, moreover, the logical

structure was simplified a2 much as possible. The logical system
of ZEBRA will be discussed in Part 2.

The structure of both designs gave rise to some theoretical
problems concerning the greatest possible simplicity that can be
realised. These problems will be discussed in Part 3, and they
will be elucideted by means of the design of a machine (called
machine ZERO) discussed by the author in an earlier pablication
and by the designs of some struotures which are even simpler.®)

For +these designe the corresponding systems of conventions
for programming are of great importance. This holds more for
ZEBRA than for PTERA, because i1in +he case of the former a
simpler deaign was aimed at, whioch involved, however, more
difficult programming. ,

All the maohines opexrate in the purely binary system.

Computing machines may be divided into *wo main groups:

1. Machines whioh store <thelr instructions and the mumbers on
whioh they operate in separate parts of the astore, and often
also put them into the store along separate paths,

2. Machines in which instruotions and numbers are stored in the
same store.

- Machinea of +the first category are mostly equipped with a
unit by means of which +the oourse of the programme can be
influenced by oertain numbers. Thus it is possible to make the

- machines of the first category perform everything which machinses
of the second category perform (see Part 3), Machinem of the
gsecond oategory are able to calculate with their own instruct..
ions and are much more <flexible. This thesis will deal with
machines of the second category only. The two categories cannot
be clearly distinguished from one another, because there are
alsc mixed forms.

~ The parts of every auntomatic computer are:
1. Store
- 2+ Arithmetic unit
3! Contrel ‘
4. Input unit(s)
5: e‘ltmt unit(ﬁ)

*} W. L. v. d. Poel. A simple electronic digital ocomputer. Appl.
Soi. Res., B2(1952)367. |
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1. The function of +the store is the storing of data and
intermedizte results of a computation. These data are not only
numbers but also instructions indicating what must be dons.

The store may bDe envisaged to ©be divided inte several
numbsred boxes, each of which can contain a word (number or
instruction), These boxes will be called registers, and their
reference numbers will be called addresses.

The registers can be situated either in space (all of them
being accessible at the same time), or in time sequence (an
sccess +time bYeing reguired to read a number in or out). These
forms are oalled parallel and serial storage respectively. The
digits within a word can also be in parallel or in series. Often
a store is operating partly din parallel and partly in series,

A machine c¢an be provided with some type of storage having
a different feature, e.g. 2 large but slow store backing up a

smell but high speed store.

Fox the sake of economy a magnetic drum has been chosen as
gstorage for PTERA and ZEBRA, For a large and moderately quick
atore this ia the cheapeat solution at +the moment. In both cases
a sBerial representation of the numbers will be made use of. 32
numbers are placed on a clrocumference. Sevexal (32 and 256
respectively) tracks are available in parallel, only ons traock
being used at a time.

The principles given can he applied, without further
considerations, +to© storea with ocomparable features, such as

slectric or acoustic delay lines.

~dn ZEBRA a small but high speed store, consisting of delay
lines, ls used besides the drum store.

2. The arithmetic wunit is the part in which are performed
the actual arithmetic operations such as addition, multipli-
cation, etc., and also logicsl operations like oonjunction and
shifting.

The srithmetic wunit in most cases consists of one or morse
registeras destined +o acoumulate sums, These registers will be
called acoumulators,

. It 18 not necessary +that +the sarithmétic unit should have
the facllity of oarrying out all the arithmetic operations,
PTERA has been provided with miltiplication and division
facilities, which is not the case with ZEBRA, By means of pro-
~ gramming . these operations can be built up From their more
elementary parts. In Part 3 it will be inveatigated what

?ma'kiana the arithmetic unit should at least be 2ble +o PO
oI, | ‘ ’

3« The control so-ordinates the Punotions of the arithmetioc

~unit and the stors, and it extracts the instructions from the
-#tore in the right séquence. '

| | In__ the 'maeh;nga e be discussed a great part of the control
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operations jis often performed in the arithmetic unit. Conversely
the control ocan be provided with an adder which enables it to
compute with instructions, so that especially with regard to the
machines to be dealt with here, 1t is not possible to make &
strict discrimination between control and arithmetic unit, Often
they will together he -designated by "operational part of the -

machinem,

It is just +the structure of +the contrel which has the
easential characteristica +$haat distinguish the machines to be
discussed from other machines, Normally the following phases ¢an
be distinguished:

a. the sxiraction of the instruction from the astore;

b. the +aking over of this instruction, setiing up the correct
route for the words in executing this instructions

c. the extraction or storing of the operand and the perxrforming

- of the operationj .

d. the taking over of the address from which +the next instruct-
ion must bhe sxtracted.

Mostly +the phases a and o require a whole word time and the

actions b and 4 are performed in the interval between the words,

30 that if +the word +time Jls considered to be the eiementary

period, the phases a and d together form the 1st period, and the

phases ¢ and 4 together the 2nd period. This firat period will

be called +the instruaction period and the second periocd will be

called the operation pexriod.

As to the machines dealt with in this thesais it will appear
that no essential difference between +the +two said periods
exiats, Often in PTERA and ZEBRA these perlods can be dig-
tinguished +t¢ a certain extent, but there is no rigid alter-
nation of operation and instruction period. Moreover, the {two
periods are treated technically in perfectly the same manner and
in +the same unit. In ZEBRA the two periods are even perfectly

identical. Instruction and operation period have a dual charact-
er.

An instruection is composed of two parts, a functional part,
briefly called operation, and an address part containing one or
more addressea, The addresses designate the locations of {khe
operands, and +the operation givea the task to be performed on
these operands, Sometlmes an operation can he given implloltly
by means of an address with a apecial function.

According to the nuﬁber of addresses applied, one-addrsss,
iwo-~addreas, three-addressa, and four-address codes =and even
more-address codem can bs distinguished,

The address in the onse-address machine can only designate
one operand, +the other operand is situated in an accumilator.
The instructions to be executed in succeasion are often situated

at sequential places . of the store, PIERA and ZERO are purely
ons-—-address machine. ‘

In ZEBRA the +two-address oode is applied. The functional
character 1s dependent on the instruction used and can be the
same a8 the character of a one-address machine, but it is also
posaible to make use of one or both addresses to indicate the
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location of the nexti ingtruction.

Thrae-address machlines wuge either all three zddregses for
an operation in the form A op B —>=C and then have +the ingtruct-—
ions in normal ssequence, oI they use the third address to

indicate the location of the following instruction.

Pour-address machines often also have an operation of the
form A op B—=C and use the fourth address for the designation

of the location of the nexi instruction,

Tn PTERA the oontrol unit is treated in the following
special manner,

1f  we indicate the oontrol by C, the arithmetic unit by A4,
and “the store by S, the following will take place during the

instruction period:s

‘and during the operstion pexriod:

operation

- The first figurs shows ‘that the arithmetic unit is not used
for computing. The address from which ths instruction has besn
- extracted, must, however, be increased by one to extract the

next Instruction from the next addresms, In PTERA and ZERO the
‘same arithmetic unit is used for the adding procedure. |

o ZEBRA has ﬁré different forms of storage, & _Bma.ll- but 'hig'h_
speed store (oalled short store) and a large but, as regards
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average accesg time, 8lower drum store, If the drum store is
indicated hy DS and +the short store by SS, both addresses (a

short address and a drum address) can be used in the following
four mannersgs

Casel Case 2

Case 1 is ocalled adding jump. (The transition A — 38 need not
be of actual importance). Operation period and instruction
rerioed coincide hers,

In case 2 both addresses are used for the control. This is
called a double jJjump, _
In cocase 3 both addresses are used for the arithmetic unit, This
is called a double addition.

Cagse 4 18 called the Jjumping addition and can be used together
with case 2 to make automatically variable instructions {B-tube
facility, modification).

| It is a commen feature of all systems +that also the
extraction of an instruction Iin itself is an instruction with an
addressg and an operation parit, This operation part is maintained
when the. address ls advanced by unity and especially in ZEBRA it
hags a wvery important function. For this rezson the instruetlion
cycles have as imporitant an arithmetic function as the pure
operstion cycles,

4. The task of +the input unit is the feeding of data into
the machine, Here standard teletype punched-itape will always be

used as a medium. The tape may he considered as an auxillaxy
store with immense capacity. |

- 5.-The  output unit is used to take the resulis out of the
machine and put them on a medium such as paper or magnetic tape.
With PTHERA use has been made of a modified electric itypewriter,
For ZEBRA a normal teleprinter will be applied. The output may

be elthex typed out or punched on a tape.
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Part 1. PTERA

1.1 Gonsiderations concerning the selection of parts for PTERA

When +the consiruction of a computer is started, iis
character will for the greater part be determined by the kind of
store and the components to be used, The choice of these detalls
ig ,mostly dependent on economical factors. Among the varit?ua
types of stores, the magnetic drum 1is outstanding for its
simplicity and low price, and that is why this kind aof store

has been chosen,

I+ is nvossible to extract the digits in parallel from the
various tracks of the drum, but this procedure reguires in any
case separate writing and reading apparatus for eachb track,
which 418 rather expensive, Moreover, the time required %o find
successively an instruction and a number at an arbitrary place,
will yet be <+he time reguired for one revolution. (An improve-
ment may be obtained through optimum programming, but then a
number of high speed registers must be available). It will
therefore be simpler to store the numbers serially. Then there
will always be only one track operating at a time, o that a
common reading and writing apparatus suffices.

.The character of the store makes it very suitable for the
recording of information in binary form, which in itmelf need
not be an impediment to making a decimal) machins, as use can be
made, if desired, of a hinary coding for the separate digits. It
is, however, not to be denied that the arithmetic unit, and more
partiocularly +the multipllication and division unite will become
more oomplicated. For a machine which will be used mainly for
scientific purposes, the number of computations will as a rule
be large with respect to the number of data which have to be
treated, such in ocontrast with machines for commercial appli-
cations, which have to perform relatively fow operations on many
data. PFurthermore in the Central Laboratory of the Netherlands
Postal and Teleocommunications Services there had already been
developed & binary adding and multiplying arrangement containing
only 4% +valves plus 1 relay per digit place, Therefore 1t was
decided ‘to make the machine purely binary.

The firat questlon +0 bDe faced, if the binary system is
used, 1is: in what manner must negative numbers be represented
inalde the machine? This e¢an be effectuated by . storing the
number in the store as an absolute value and sign, or it can be
done in complement form *). As, normally, the numbers inside the
machine need not be oconsidered by the operator, the use of

*) If a number p consigts of the digits p o, DPigessccsesngsp., and
the point is between 1 and Pys o 1’ > n’

¥

p= (1 - 2p )?p jz"j is called the modulus & zign system

0! =
P o= ~p, + Jgipjf'd_ is called +the complement system
e =j-'=‘ ; (p 3 pﬂ) 21""""l is called the pseudo-complement or

inverse system -
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the complement form also in the store is certainly preferable,
the more 8o as in that case a uniform process for adding and

subtracting can be applied, it being able to treat the sign
digit in the same way as the other digits.

There is s%ill a possibility to choose between the pure
complement form and the pseudo-complement form. In machines in
which only operations in series are carried out, the pure com-
plement system c¢an best be used because it does not require a
carry-around., (See parts 2 and 3).

For machines which nevertheless require a parallel adder
for +4he multiplying unit it 4is recommendable +to0 apply the
pseudo-complement or inverse system, because it has the facility
that a number can very easily be made negative (replacement of
O's by 1's, and conversely) so that many instructions can have
an additlive as well as a subtractive variant. That is why the
pseudo-complement system was chosen for PTERA.

The number of binary digits in a word is determined by the
character afgthe computations oceurring normally.Because of the
fact that 107 is sultable and just a little smallsr than 230, 2}
word length was oc¢hoaen of 30 binary digits plus sign digit.
Apart from that, this ohoice is rather arbitrary.

Zxperiments showed that the ohoice of 32 tracks, each of
them with 32 numbers, could be realised very well. The number of
revolutions chosen is 2400 revolutions per minute; the packing
density has been safely chosen at 3} impulscs on a mm.

1.2 The -Erineigia of the gystem

Ag already mentioned, +the store has . been composed of 32
tracks, each of which containing 32 31-digit words. The dis-
tribution of the diglits of the words on a track can be arranged
in many ways, two of which will be mentloned here, viz,.:

1. The digits of +the words can be consecutive impulses, so that
a whole number hecomes available in about 600 g, There is a

- walting +time +ill +the number required pa.aé:a the reading
. head,. | ,

2. Iach of +the numbers c¢an be distributed on the track in such
a manner that first all the first digits of the numbers come
out of the store, then all the second digits, etc. So the
reading of 2 number always requires a complete revolution.

Because of +the feollowing considerations the second system will

- be used in the machine: : * ,

a. In system 1 the whole numher enters in 600 s, while nothing
bappens for the greater part of the revolution.

b. In system 2 +there 1is 80 much time between the consecutive
digitas of a word that a whole parallel addition can be made
in the interval, s thing which would be much more difficulid
with system 1. -

It is a drawback of system 2 that the extraction of an instruct-

ion s8nd a number always requires 2 revolutions against 1

revolution in system 1. Moreover, system 1 can be made suitable

for optimum programming (See part 2).



1.21 Adding and muliiplying

To add a number which comes out of the store in sexies; to
s number which is already present in a register of the arith-
metic urii't, aotually only one adding mechanism is required which
can add one digit at a time (if at least the numbers are added
from right to left). In order to carry ocut also a multiplication
in one revolution, at least 31 adding mechanisms are required
simultaneously 3o make 3t possible to add the multiplicand in
parallel +o the partisl result, while the multiplier, coming out
of +the store in serial form, controls the additions, Unce wse
have got these required 31 adding units, we can as well add two
numbers, +the most aignificant digit ooming first. So Wwe may
3t1i11 ohoose between having the numbers in time sequence with
the most significant digit as firat digit or with the least

significant digit as firat digit.

When multiplying is carried out from right to left (aoc when
the least significant digit of the multiplier is dealt with
first) only an arithmetic unit with 31 adding mechanisms is
required to obtain & product of two 31-digit numbers, because,
when each partial product 1s added, we get on the right-hand
aide a digit which does not change further. It is, however, a
drawback +that we do not know the sign digit of the mul-tiplier
beforehand, as this digit enters only as laat digit.

When multiplying 1s performed from left to right it is
possible that, when the last addition of the multipliocand <o the
partial result of double length has been made, we get a carry
of 62 places maximum. So then 62 adding mechanisms are required.
It 1is an advantage that the sign that leaves the store as first
diglit, ia known dlrectly at the beginning of the multiplication,
so +that 1t oan be taken into account with the treatment of the
signs,

It is8 not objectionable +that we may get a carry-over of 31
places maximum, when adding takes place from left to right, be-
cause in any case 31 adding mechanisms are availablae.

The divislon process can also be effeoted in an elegant
manner, Divialon is, however, an operation in which the diglts
of +{he quotient are always produced from left to right. Also in
connexion with +the advantage that the gign diglt comes first,
the system has been chosen in whioch the most significant digit
comas first, notwithstanding the drawback of two regiaters
having ocomplete adding facllities. Apart from that,this second

adding unit plays an active r8le in the control for advancing
the addresas count.

Addition 1is performed in series. When the digits shif+ into
the arithmetic unit, the most significant digit comes Firat.
When multiplications are made, and the digits of the multiplier
leave +the store, the most significant digit also comes Firats
so at each addition the partial result must shift one place %o
the left in +the arithmetic unit. When divisions are made the
partial result moves one place to the left between every iwo.

additions, - while +the quotisnt is produced with the lefimost
digit coming first,
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FProm this it appears that an arithmetic unit is required
which with every elementary addition (either of a whole number

or of one digit at a time) always moves the result one place to
the laft,

3y +the application of +this rigidly built-in facility of
shifting to the leIt the technical construction is much sinmpli-
fied.

A diglit place of the arithmetic unit can be represented as
Tollows:
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x and y represent the digits of the numbers to be added, c4 is
the transfer from the previous place, 8' is the digit of the
newly formed sum, & iz the sum diglt recorded on the previocus
occasion, and c. is the +transfer to the next placs.

The whole stage consiets of two parts indicated by A and R.
A iz +the actual sum—former which, as quickly as the awitching
time of the element permita, forms the sum s' as soon as the
digits x, y, and ¢; have been applied. The part B is a storing
element which records an offered digit s' at the moment when the
so called shift impulse sh iz given., The recorded sum remains
atatically available at the output.

By intarnannaﬁting these elements in the following mannex:

en  arithmetic unit is obtained, which always shifts and adds
- gimultaneocusly. In each dligit place the digit to be added plus
the sum digit of the previcus place plus the carry-over from
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the previous place are added. Then the-pracags of serial adding

can he represented by:
a+bh ' '

_'
(The situation which results is drawn).

The number which is already present in the arithmetic unit
18 circulating while <+the digit of the number to be added is
being added to it. After the number has circulated, the register
will ocontain +the sum. This register is called the accumulator
(indicated by A). (In +the logical diagrams the registers are
always drawn in such a manner that the numbexrs are present in it
as +they are written, on paper, so with the least significant
digit on the right-hand side?

1.22 The multiplier

For +the multiplying process four registers ares fundamentsl-
1y required: one for the multiplicand, one for the multiplier
and +two for <+the product., It has been ghowvmn by VON NEUMANN
et al. ﬁ) that it ig also possible $0 work with three registers,
the multiplier and the 1least significant part of the product
having one register in common (See part 2). The two registers
for the produet will be formed by the doublse--length accumulator,
of which A will be used for the least significant part of the
product and the other register B foxr the most significant part.
For the moat significant part we shall introduce the term "head"
and for the least signiflcant part +the term "tail", The reo-
gister for the multipllier is situated in the store. The digita
of the multiplier leave this register segquentially. The register
for the multiplicand has been constructed with relays and will
be called the relay register {indicated by R). The reasons why
no electronic register has been chosen are the following:

1. The register need not be able to compute, and it need to be
loaded only once in a revolution, Techniecally this can be
realised in a very simple manner (a half valve plus a relay
per digit place).

2. In +the non-energised condition a relay of the type applied
can remember a digit because it is bi-stable,

3. The 1relay contact can serve very well as a gate for the
digits of the multiplier,

The block schematic diagram for the multiplication is:

,ﬁj A, W. Burks, H. H. Golddtine, John von Neumann. Preliminary
discussion of +the logical design of an electronic computing
instrument, 2nd Edition. Princeton, N. J. The Institute for
- Advanced Situdy, 1947. |
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trom store

The incoming digits of the multiplier determine whether the
multiplicand is either or not added to the doudble-length A and B
registers, The shifting facllity of A and B provides for the
shifting of the partial result. It is also pointed out that the
multiplicand is supplemented on the 31 digit places of the head,
to assure that the correct aign digit is formed.

1.23 The divider

The division process is 1in mnany respeots +the inverse
operation of <the multiplication, So in the division there are
"also 4 numbers of single length: a double-length dividend, a
divisor and a quotisnt which will be supposed to be of mingle
length., In contrasgt with the multiplying process the tail of the
dividend need not be operated upon; while the division is pro-
caeeding, the +tail ocan arrive from the. store. The subitractions
are always of esingle length and can be performed in A, The divi-
sox ia present in B and the gquotient, which 1s formed just by
the carry-overs, with due consideration to the aign rules, oan
flow into B, The determination of each diglit of the quotient is
done in two parts, viz. subtraction of the divisor in any case,
and +he cancelling of +this subiraction by adding it back again
if the operation in question cannot bhe performed. The carry-
over diglits determine whether the divisor can be subtrasted or
not. The adder is operating fast enough t¢o enable these two
additions 40 be done in the =same time in which otherwise one
addition takes place,

The block schematio diagram of the diwvision proceas iss
Cy

3
5
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1.3 The systematics of the instructions

One of the fundamental ideas underlying the design of PTERA
ia the functional use of some digits of the operatlion. (The same
jdes is used in ZEBRA in = much more extended form). As a matter
of faot the same notions play a r8le in many operations, It is
useful to have both an additive and a subbtractive variant of
each kind of operation. Clearing, too, is an important factor.
Either of these two functions has got a functional digit in the
opsration., As the relay register cannct be filled in a direct
manner it was desirable to make the taking-over lnto the relay
register after an instruction dependent on a funotional digit.
These three Ddbinary digitas o¢an be sxpressed in an octal digit,
which indioates +the varisnt of the instruction. If we also want
to be able %o indicate +the kind of instruction by an cotal
diglt, we oan only indicate elght different instructions in this
manner, which is insufficient. It is, howsver, not necessary to
make the functional taking-over diglt availlable for all kinds of
instructions., A Jump =should preferably leave the computing
reglsters Intact, and consegquently needs never to take over A in
R, whereas 1in the +typing process taking—-over is constantly
necessary for setting up the next gdigit on the typewriter.
Therefore such provisions have been made that fox the operations
with ootal number O, 1, 2, and 3, gliving the kind of operstion,
the taking-~over digit also is of influence on <this kind, whereas
this is not the oase for the species 4, 5, 6, and 7.

The arrangement of the operation and address digits in an
instruction is:

123 456 l; g 111 181435 16 17131 lq202 2223 25 26 77 29 2930

instruckion

T Ty Ay T ———
L operation eas

right-hand, left-hand.
. Wi

G

digit  dig
l L taking-over digit
| nversion digit
clear digit

The digit place 13 determines whether clearing will take placs
or noi. ¢13 = O means clearing; Ci13y = 1 means non-olearing. The
digit place 14 determines whether inverting will take place or
not. o144 = 0 is the additive variant: ¢i4 = 1 is the subtrective
variant. The digit place 15 determines the taking-over. ¢q5 = O
neans no taking-over, ¢i5 = 1 means taking ovexr in R. The git
pPlace 16 indicates whether the digit 15 is also of influence on
the kind of instruction, If ¢16 = O, o045 ia of influence, and if
¢i5 = 1, ¢4y 13 not of influence on the instruction.

The kinds of instructions are indicated by

00: stop 4C: add O01: input
10: store | 50: prepare 11t output
20: jump ~ 60: multiply - 21: round off

_BQS' teﬂ‘t' R ~70¢ divide | 11: con-mnetinn
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So of 40, 50, 60, and T0 all eight variants are present, each

of +the kinds 00, 10, 20, 30, 01, 11, 21, and 131 having only
four variants.

Though in +the computer +the octal digit determining the
species 1is hehind the variant digit, it is written in front in
the notation, It would have been possible to choose another

solution but for historioal reasons this arrangement has been
maintained,

1+4 The action of the instruciions

The action of the instructions will be described by means
of a table ilindlcating the route of the numbers in each operat-
ion. This can be done in two ways:

a. A description can be given of the real course of affairs, in
which the extraotion of an instruction is oonsequently also
considered as & separate instruction.

b. A phenomenological dJdescription can be given, in which each
instruction is oonsidered as take instruotion s+ do operation.
This desoription need not at all ocorrespond with reality ,

1f only the programmer obtains the right results by means of
it. For details of, ™)

We shall only deal with the desordiption wunder a. The
carrying out of each instructlion always consists of two phases:
the extraction and the taking-over, During +the extraction pro-
cass under the control of the inatruction which has already been
set up, the word-transport fakes place, during the taking-over
process the route of +the words has to be ohanged in accordance
with +the new instruotion., The new instruoction is always taken
over from C to Z, which will not be discussed further. (Cf.””)

In the notation an arrow will indilcate: .. goes to register

seve The new contents of a register will he indiocated by an
accent.

The transport to R is always effectusted during the taking-
over of the new instruciion.

By (n) Wwill be denoted the contents of register n. In the
same way (A) will denote the contents of the acoumulator A.

Conversely the notation )x( = n will be used when x = (n)} .

*)‘ W, L. v. ds Poel, Het programmeren voor PTERA. Het PTT-
Bedri jf, :i(1953)135=
) W. L. v. 4. Posl. De werking wvan PTERA., Het PTT-Bedrijf,

5(1953)124.
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Table of GEarationa

Stop
n/00 : (B) + &-C (A)—B (n)—»A Stop the machine
n/@? : {B) + £e—=C (A)—B - {(n)—A " ' T
n/04 s (B} + £-»C (k)*""B (A) ¢+ (n)—=A e 1" t
n/06 3 (B) + £€-C (AJ—B (A) - (n)—4 " L T
otors
n/10 + (B) + e~»C (A)—B (L)—=n +0—A
n/12 + (B) +e—=C (A)—=B - (A)-»n +0—A
n/14 3 (B) +e—C (A)—B (A)—>n
n/16 ¢+ (B) +e—»C (A)—3 ~ (A)—n
Jump
n/20 s (€)—3  (n)—C After 20, 30 tests on x
n/22 s (¢)-»B (n)—C o
n/24 ¢ (€)>B  {n)=0 After 24, 30 tests on a
n/26 : (¢)-»B (n)—C o
n/28 & (C)—=3 (n)—C After 28, suppress punching
First 20-cperation after a 50-operation
n/20 : (B)— A, (¢)»B (n)—0C Switeh off extra place
n/22 s
Same a8 above
n/28 }
Seacond 20-operation after a S50-operation
n/20 3 (B)>4 (c)—=B (n)—=C Switch off the circulation
n/22 }S&ma ags above
n/28 :
Test
With 20 ag intermediste jump
n/30 (B)k-u- (1 + ra)——;c (A)—B (n)—A
n/32 ¢ (B) + &(2 ~ r )—>C (A)—>B = (n)—4A

n/34 + (8) + e(1 + r)>C (A)—=B (4) + (n)—aA
11/36 : (B) + £(2 - ro);—:c (AT—PB (A_) - (n)-—r‘&
With 24 as intermediate jump

n/30 s (B) + &(1 + aﬁ)-—rc (A)->B (:)-#A
n/32 : (B) + &2 - aﬁ)—rc (L)—B - (n)—a

n/34 + (B) + &1 s+ a)—=C (AJ=B (A) + (n)—4
n/36 1 (8) + &2 - a )—»C (A)—>B (a) - (n)—a



(4)'—R
(A) '—R
(A}t - R

(L)' T

8B —» A

O —» A
8 —— A

C— A
8 —A

EEH(A)—-:A

8 -~ A

sen{A)— A

(A)'+R

(A)-»R

Add

n/40 : (B) + £€-C (A)—>B (n)—A

n/41 - (E) + E—=C (A)-—-*B (n)— 4

n/42 + (B} + ¢-»C (A)—~B - {n)—A

n/43 ¢+ (B) + e—»C (A)—3B - {n)—4

n/44 ¢+ {B) + £—C (AY—=3B (A) & {n)—a

n/45 s (B) + £»C (AY>3B (A) + (n)—a

n/46 : (B) + e—»C (AJ=>B (4) - (n)—a

n/47 + (B) + e—»C (AJ—=B (A) - (n)—a

Prepare
n/50 s+ YIdentical with corresponding 40-operations
n/5"{ s } switoh on circulation and extrs place
Multiply (unprepared)

n/60 3 13t stroke (B) + £—C 0— B
2nd stroke k—3B
where k + s.e = (n).(R)

n/61 1+ 18t stroke (B) + 8—»C 0—3B
2nd stroke k— B
where k + 8.8 = {(n).(R) |

n/62 $ ‘131: stroke (B) « £—C 00— B
2nd stroke  k—3B
where XK + 8.8 = —(n).{(R)

n/63 + 1st stroke (B} ¢ £—C C— B
2nd stroke k—s B
where k + s.& = —(n).(B)

n/64 : 18t stroke (B) + ¢—»C (A)—>B

| 2nd. stroke k- B
where k + 8.8 = (A).8 + (n).(R)

n/65 s 18t stroke (B) +&—-»C  (4)—B

2nd atroke k— B

X
O
h

:j ,
o
g

g

whers k + 8.8 = (A).e + (n).(R)

ist stroke (B) +«+ €e-»C (A)—B
2nd stroke X — B
where k « 8.8 = {(A).e - (n).{(R)
1st stroke (B) + £-C (A}—B
2nd stroke k—~3B

where k + s.& = (4).€ - (n).(R)

agn{A)—4A

g —» A

sgn{A)—» A

88— A

(A)'—» R

(.ﬁ) - R
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On an unprepared 64, 65, 66, and 67 operation the circulaiion
is swltched on,

n/60
n/61

n/T0
n/T1

n/72
n/73

n/01
n/03
n /05
n/07

Multiply (prepared with a 50-operation)

:
3

L

Identical with corresponding unprepared instructions

18t stroke
2nd strokes

(B) + £-C

where k + 2.8 = (A) + (n).(R)

18t s8troke
2nd stroke

(B) + £-=»C

agn(kv)-&B (&v)wﬂ.&v
k—» B 8 —» A

Egn(Av)-—ﬂB (AV)_’A‘V

k — B 8 —A {A)'—=R

where ¥ + 8.8 = {A) + (n).(R}

ist atroke
end stroke

(B) & £—C

where X + s.& = (&) - (n).(R)

18¢ stroke
2nd stroke

(B) & £-C

where k + 8.8 = (A) = (n).(R)

Divide

: (B) ¢« &-C
t (B) +# £-C
whexe Q_i(R}

: (B) » e¢-C
: (B) & £-C
where q.(R)

|r] <{{a)

v} <Al
The sign of (n) is completely disregarded.

Input

3

(B)
(B)
(B)
(B) +

* ¢ &

e 1
£(2
(1
£(2

Y

s

q—B r—A {4A)'sR
+ T.& = (1) + (n).e
agn v = sgn(A)

q-—»3B r-» 4

g—+B r—A (A)'—R
+ T8 = (A) - (n).£
agn r = sgn(A)

34)“*0 (A)—>B u.{n)—>A
}J—»C (A)—-»B u.{n)—>4A
Y€  (AYB  (4) ¢ .{n)-»4
Y=  (AY~B  (4) ¢ u.(n)—>A

sgn(A )—3 (A )—A
k — B 8 — A

agn(A?)-#B (Av)"AW'
k- 3B 8 —p A

(A) ‘> R

(A) s R
(A)'—R

(A)'—R

(A} =R

Cn switohing off the input operation: step tape.
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n/11 ¢ Identical with n/61

n/413 : Identical with n/63 and type/punch the four/five most

n/15 3 Identical with n/65 significant digits of (B)!
n/47 : Identical with n/67

Round-off
n/21 ¢+ {(B) « e-»C (A)—B (r,1 ~ T Jeu({n)—4a (A)'—R
n/23 ¢ (B) + e-»C (A)—B - (r, = )e(n)—a (A)'-R
n/25 ¢ (B) + &.'-—rc (A)***B (1) + (r1 - ra).(n)-—;ﬁ (A)'—» R
n/27 «+ (B) +e=C (aJ=B (A) - (r, = r )(n)—a (a)'—R

Conjunction
n/31 : (B) +e-»C (A)—=B conj (n)3(a)—A (A)'-R
n/33 ¢ (B) + e-»C (A)—B conj -{n)3{A)—»4 {(A)'—R

n/3% : (B) + £—=C (A)#—rB (4) + eonj (n)s(a)—=A (A)'-R
n/37 ¢+ (B) +&£-C (A)>3B8 (A4) ¢ conj -(n)j(A)—=4 (a)'—R

A result O produced by: 04, 06, 34, 36, 44, 45, 46, 47, 54,
55, 56, 57, 0%, 0T, 25, 2Ty 35, or 37 is always +0 .



1.41 Addition and jump

The various kinds of operations will not be discussed se-
quentially, but in groups belonging together.

The operations 10, 20, and 40 will be elucidaied by means

of & simple programme:

100 | 200/41 (200) = a
101 37/44 (37) =1
102 37/10
103 120/20 ’
The following process will +then be effsotuated in the
registers: '
C B A R
100/20 {_ x Y
200/41 100/20
101 /20 X a, a
37/44 101/20
102/20 a" a + b
37/10 102/20
103/20 a+b 0 a +b-—n
120/20 103/20
etc. 120/20 o a

As is shown, the instruoctions contained in the programme zlter-
nate in register C with the 20-operation shifting to and fro
within +the control, Only when there ls a2 Jump in the programme
the ciroulating 20-operation ls replaced. The normal alternation
is then intexrrupted. This can even happen n times at a stretch
if new jumps have constantly to be sxecuted. This interruption
of +the alternstion: 20-operation —— other operation is one of
the essential characteristios of this kind of machine (Cf. Part
2}, It appears from <+he beforegoing that the instruction oyocle
must be considered asz a normal operation cyscle., That is why the

address ocounter does not only contain an address but a2lso an
operation part.

This principle can %briefly be formulated as followa: the
contents of C determine +the course of the numbers for the next
instruction. The %bveforegoing implies +that there is no longer

an ssaential distinction between an inastruction and an operation
eysle,

The iInterruption of +the normal alternation by two times
(C)—B in succession +akes place after every jump. By an arti-
fice also +the interruption of the normal alternation in the
other direction (by having +two times (B)~C in succession) can
oocur but +this is seldom of practical importance (Cf., 1.61 and
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1.62}), In 2EBRA, however, there exisis a complete duality be~
tween the two types of interruption.

The following should be elucidated too: the adding of unity
t0o the Z20-operation present in B is not effectuated while shift-
ing into the register, but when it shifts out of it to C. The
reasgon 1is +that 1f +the adding process would take place while
shif4ting into the register from ¢ to B, as would have been the
normal course of affairs in a aserizl adding unit, an &€ has to
be generated somewhere. This & is the last impulse in a word., So
t0 produce it the pnumber of digits has $0 he counted off some-
where, It is much easier to produce an impulse on the first than
on +the last place, That is why an & is added, while shifting
out. This & is generatsd s8 first impulse. 48 the register al-
ways shifts first and +then adds, +the addition of & must be
effectuated at the y input of the place 329.

In the table A indiocates a numbsr that need not be equal
to A, Dbecause +the sum shifting fo0o B does not get the right
carries from A.

i - £l.2 The test instructions

The test instructions 30, 32, 34, and 36 are operating by
adding € or 26 to (B) when the latter shifts to C. This depends
on the sign of R or A, Originelly only the testing on R had been
provided, buf afterwards the need of testing on A was alaso felt.
The character of the intermediate Jjump determines whether test
is made on R or A. As long as a 20~0peration is circulating as
en intermediate jump, R is bheing tested; in case of a 24-operat-
ion A is being tested.

In order to avoid +that an instruction will be lost during
tests, +the arithmetic action of 30, 32, 34, and 36 is equal +to
the action of 40, 42, 44, and 46.

e 43 Multiplication

When two numbers of single length are mulitiplied, & product
of double length will result. In the machine the multiplicand
must always be set up in R and the multiplier must be extracted
during the 60-operation. The head of +the product is always
formed in B and the tail in A, The tail has no independent sign

diglt but a sign digit which 13 made equal to +the sign digit of
the head.

Multiplication is performed in two phases. Technically it
appaared not 1o be possible to add +to the number ahifiting out
of B and to use B gimulianeously in the double-length accumul--
ator. In +the first phase there always takes place (B) + & — C
and +the clearing of the number which is already present in A or
the extensgion of this number to the double length. In the second
phase the astual multiplication process is performed.

Not always are both +tail and head required. If only the
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tail is required, the non-prepared instructions 60, 61, 62, and
61 are used. The head appearing in B is automatically lost in
the subsequent 20-operation. An application frequently used is:

YE(/60 : (R)—A

It is evident that the head can never be recovered from B
to A without further provisions. For this purpose the 50-opsrat-
ions are ussad,

From an arithmetic point of view the 50-operations perform
the same task as the 40-operations but, moreover, they operate
‘two devices, the extra place and the circulation. These devices
have +the following function: the circulation provides for a
connection between B and 4 so that the contents of B can flow to
A during the subsequent 20-operation:

The extra place is a 318t digit place of the acocumulator A,
a place which has only shifting facilities and no adding facili-
ties. The extra. place creates a posaibillty to set up the number
to be added (in a non-clearing multiplication) or the dividend
(in a division) shifted back over one place. Then the number is
net present in ap - 230 but in a4 - ay4+. This is necessary

because the oonstruction of the accumulator is such that first
shifting takes place and then adding.

The extra place is only required when the multiplication
and the division are being prepareds; it is switched off after
the first 20-cperation oeoming  after the 50-operation. The
circulation must remain active after the multiplication to get
the head of +the product from B to A or to obtain the guotient

in case of a division process, The c¢iroculation is switched off
on the second 20-operation coming afier the 50-operation. -

. The 50-operations can be used with the instruotions of the
11, 20, 60, or 70 type.

A repreaentative example of the use of the multiplication

iss
n| Ja(/40
n+ 1 )b( /51
ne2 | )o(/65
3| )k(/10

In this example ‘the following activities are pérfarmﬁd in the
- reglistera: - -
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C B A R
n/20

ya( /40 n/20

n+1/20 a

)o( /51 n+1/20 ;

n+2 /20 a b b
c/65 n+2/20 a

n+3/20 sgn & a

n+3/20 k 8 s

Yk( /10 ne3/20 k k — store

n-;_-4./20

In +this maltiplication a is added to the head of the product of
double length. The tail o¢an be +taken over in R and &an be

brought back into A by }&(/60 or ocan be used directly for
rounding off.

In the following example the circulation is not operated by

a 50~operation but by a non-prepered non-clearing multipli-
cation. |

n| Ja(/41
n+1 Yb( /40
ns2 | )e(/65
n+ 3 Ye(/10

In +this example the following aotivities are performed in the
registers:

c B A R
n/20
)a(/41 n/20
n~a-1/20 a a
Yu( /40 ne+1/20
ne2/20 - b b
Yo (/65 n+2/20
n+3/20 “ b " sgn b &
n+3 /20 X 8 > 8
Ye( /10 | . ne3/20 | x ~—s A {1
ned /20 k -» gtore

- The apecial feature of these instructions is that independ-
ent of the 50-operations they activate the ocirculation, which is
necessary to obtain the head. In these non-prepared non-clearing
maltiplications a single-length number is added to a double-
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length product in the tail, carrying over into the head, This is
the only occasion on which a double-~length addition is ef-
fectuated. So gll double-~length additions must be programmed by
means of the instructions for muitiplication,

The instructions 54, 55, 56, and 57 shift a mutilated
number from A to B, These mutilated numberid can nevertheless be
used, if only it is exactly known in what manner the mutilation
is effected. The rules holding in this case are very complicat-
@d., That is why the praoctical rule has been acocepted that these
operations may not be uged for non-clearing multiplications. On
further consideration it will bhe realised that by means of the
operations 52, 54, and 56 no more can bhe obtained than by means
.0f 50, Thereforse they are never used.

Te 44 Division

As in +the division process the gquotient originates in 3B,
2]l the divisions require the prepare instruction to make +the
quotient go again from B to A. In a cerbain respect the diviaion
- is the reverse of the multiplication., So in general a2 double-
length dividend must be divided by a single-length divisor. The
divisor is plaoed in R, the head of the dividend {shifted over
one place +0 the right) is set up in 4 and the tail of ths
"dividend is issued by the store Auring the division process,
This +ail has a separate sign digit, which, however, muat not
play & rb8le in +the division proocess. The sign of the tail is
automatically ignored because the first digit taken into A is
coming from A9 and not from +the store, Normally it may be
essumed that the sign of the tail is the same as the sign of the
head of +the multiplicand. The instructions 72 and 73 can serve
to take in the tail of the dividend 4if ita sign does not
correspond with the sign of the head. A specific example of +the
dividing process is the following: -

n ! )k(/40
n+t Ya(/s51
ne2 ya( /71
ne3 | )a(/10
In this ©process the following setivities are performed in +the
registera:
c B A R
n/bO L
Yk( /40 n/20
ns+1/20 | |k
Ya(/51 | _ ne1/20
ne2/20 | k ! d
Ys( /71 ns2/20 |k

n+3/20 q T - r
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ya( /10 n+3/20 q | r
n+d /20 q-»8tore

It is possible to make use of a non-prepared division. In
such &2 case it is lmpossible to obtain the quotient sc that the
instruction is only practical, if we want to know the remainder.
As the division still considers the shified contents of A $0 be
+the head of +he dividend, this division is only of practical
importance, if the head 1s zZero and the dividend consequently is
positive, For arithmetic problems, which require operations on
numbers modulo n the non-prepared division has some mense,

1.45 The prepared jump

The +third and very lmportant application of the 50-operat-
jon is the use bvefore a 20-operation ococurring in the programme.
In organising programmes we ufe sub-programmes for small parts
of the problem, which must be constantly repeated (e.g. the
determination of a sine). A programme (main programme) muat
have +the facility of caliing in such a sub-programme, which,
after it has finished its actions, must return to the main pro-
gramme and proceed at the location following the location where
3t came from. Often a datum is carried on to a sub-programme,
from where it may return with one or more results.

The S0-operation provides a simple means to obtain the
intermediste Jump instruction, which is present in B, into A
through the ciroulation. The atandard equipment of the main pro-
gremme and the sub-programme will alwsays bes

B-s-/ 10
|

Then the following takes place:r

C B A R
n/20 | &

)x( /51 n/20

n+1/20 8 | x x
8/20 | ne1/20 ] =a

sem/40 " 8/20 | ne2/20

s+1/20 | n+2/20 —> s4m
A I z

sem/20 ' Mx) | &(x)

ne2/20 sams1/20

etc. '

If as first instruction in a sub-programme a 20—aparatian
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should follow, the return instruction in A is maintained all the

same, because after the 20-operation the circulation is switoh-

ed off.

1,46 The round~off operations

In the multiplying process it 1is necessary %o have the
facility to round off products of double length to products of

single length. This is not possible during the multiplying pro-
cess because there is no input free on A4 to add the Tround-off,

After the multiplication the product is split up into two parts
so that it is no longer easy to add a round-off to the tail

with carry-over - to the head. That is why & special round-off
instruction has been provided.

The 1rules for rounding off in the inverse system are the
followings

IP k=401 k' =k +¢ if{s]= 2" ; otherwise k' = k
Ifks-0: k' =k -g if|g|=2"

It 48 this wvery function that is performed by )E.(/25. As some
instruction digits are used funotionally, s&ll +the variants
are present wilthout extrs equipment Dbeing required.With soms
variants special tricks ocan be done.

3 otherwise k' = &k

1.47 The conjunciion operations

The operation oconjunction pexrforms the logical multipli-
cation of +two numbers digit by digit and is useful for +hs
cutting away of parts of an instruction. The structure is as
follows: The number already present in A opens or closes a gate
which elther or not pasgses the digits coming from the store.

In the table the reault of a econjunction is represented by:

conj (n)3{a) = E{njaj - naaa.& = nja,

1.48 The stop operations

~ As  to their arithmetic action the stop instructions are
perfectly dldentical %o the corresponding instructions 40, 42,
44, and 46. Moreosver, they atop the machine, After the atart key
has been depressed, the machine resumes the programme. The atop
instructions are usgéful to be writiten instead of a - 40w in.
atruction at oritiocal places in order to give visual indication

zf.ti::{pa:tant intermediate results when a programme is being
asted. | |
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1.49 The input operations

‘When data are being put into the machine, conversion from
decimel 4o hinary scale must normally be performed. This con-
version can hest be carried out in the arithmetic unit itself,
but -then +the input instruction must preferably be adjusted to
this oconversion, which can be made most easily by multiplying
the symbols which are read consecutively, direcily during the
reading process by the corresponding power of 10 and to add the
result in the acoumulator, Technically this can be realised very
easily by 1letting +he punched-tape reader replace the Talay
register., Then the multiplication iz made gquite analogously to
the normal wmultiplication wlth +he restriction that a doubld
length product 18 not needed in +this czmse, That is why the

scoumulator 13 only used over single length and the operation
need not be performed in two phases,

, The drawback of the before-mentioned system of conversion
is +that a fixed amount of digits hes 40 be put in, Therefore it
will be more convenient in practice to multiply & symbol dy 1,
to add it into A and to multiply fthe number obtained by 10.
After this the next digit can be read in again. This process can
vest De performed cyclically. Then there must be a possibility
to leave +thils oyole, and this possibility can be found in the
fifth bole of the tape. For the representation of the digits in
the decimal system only four holes are required. The presence
of +the fifth hole ocan be used as a marking. The input in-

struction tests on this marking, and acoording to 1t skips ox
doesg not akip the next instruetion,

The symbols on -bha jmmohed—'ba.pa are raprasented. by
4,113,112,111 yu, - u4,u - u4, F‘u 23

From the +table it can be seen that u. (n) is always added.
Subtraction would bdYe seldom of any use. All the reading in-
gtructions £ill R, because it must bé poamible to multiply by 10

immediately afterwards. After having read the symbol the tape
steps t0o the next symbeol,

In ‘the notation on paper the presmence of the fifth nole i=s
denoted by a stroke (/) behind the symbol: As the tape is hexa-

decimal it is sometimes useful to be able 4o denote the symbols
=10 3

10 =8 711 =2b 3 12«03 13 =d; 14 = § 15 = £

1.491% 'I‘ha nutm'b operations

At 'hhe output numbers must he deconverted. J‘uat ag 1% da
possible <o maka the input instruoction specially sulitable for
conversion, the output instruction can de made apecially

puitabls for deconversion., The deconversion process is based on
mwultiplying a fraction by 10. Then the head of the produst is a
deconverted binary ocoded digit and the tail must be set up for
the next multiplication by 10. So the insitruction is essentially
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a multiplication. Therefore the action of the output ins-bm?t_
jons has been made identical to the action of the correaponding
multiplication instructions, The typewriter always types the
tetrad formed by the rightmost 4 figures of the bhead. If ths

punch is switched on and punching is not suppressed, it
punches the pentad formed by the rightmost five dlgits of the
head. |

Tf a number of typing instructions would be given in suo-
cession, only 75 ms would be available for each symbol, if the
speed of the 11-instruction would be the same a=s the speed of
- the normal multiplication instruction. The typewriter ocan,
however, not follow thia speed. Therefore an extra walting

phase, which does not affect anything, has been inserted into
the typing process between the firat and the second phass.

The various tetrads whioch are possible are typed on the
typewriter as followa: |

0000 ¢ types O 1000 3 types 8
0001 ¢+, 1 1001 ¢~ ,, O
0010, 2 1010 ¢+ , =+
0011 " 3 1011 1 " -
Q100 ¢, 4 1100 ¢ ,, .
0101 ¢, 3 1101 : carriage return, 1l1ine faed
o110, 6 1110 : tabulates
o111+ T 1111 : types spacs

When intermediate results are typed out, it is often de-
sirable to type but not to punch the argument, the space between
twe numbers, extra line feeds in the lay-out, etc., 80 that the
tapes produced thus can wlthout Ffurther measures be used as
input data. For +this opurpose a facility has been provided to
suppress punching. If the intermediate jump instruction is -
20-instruction, +typing and puanching +take place; if, however,
the intermediate Jjump instruction is a 20-inatruction + 2"12,
punching dia suppressed. A suppreasion Jump already affects an
immediately opreceding type dinstruction. This is oaused by +the
faot +that the typling asctually takea place after the third phase
during the subsequent jump., The same also holds for the releas-
ing of the punch suppression with s normal 20-opexration.

The 20-instruction + 2_12 is written in the programme aa 28
and read in dy the input programme as Yootal digit greater than
™. It 1s opossible that the punch suppression agcura together
with the testing on A. Then a 24-instruction + 212 is required,
whioh oan be written as 206, ' -

 1.492 The 29-operations

| It is ofien desirable to have the facility of interfering
. _in the course of the programme, dependent on faots observed
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visually (e.g. sub-tabellation in the neighbourhood of =
maximum, suppression of undesired intermediate resultsa, etc.).

For +this purpose the 21-operations have been provided with
& special device. When a2 2l-operation is increased by 212

(whick may be written as 29) the functioning as regards the con-
trol will be:

n/29 (B) + &(1 + zI)—ac

in which Xy = 0 or 1 dependent on the position of a switoch
which c¢an be operated from the keyboard. Thus the course of the
computation o¢an be influenced during the operation of the ma-
chine. This switeh 1s oalled selection ewltoh I,

and is
functioning when 512 is present in the opsration,

In the same manner the selection awitches II and IIT havs
been provided on G4 and 40" Thelr function 4is:

n + 2"11/21 s (B) « €(1 & x -)=C
n + 2'10/21 : (B) &+ &1 « xIII)—a-G
For the rest the operation functions as a normal 2i-instruction.

1.5 The manual keyboard

PTERA 1s operated by means of a keyboard containing the
following ksys:

'1‘1:.19 start key. The function of +this key is self-ex-~
planatory.

The astop key. By means of +this key a programme can be
stopped. If the stop key is belng depressed while the machine
has already been stopped, a single instruction is being carried

cout, This astep by step operation im often useful for checking a
programme oY the machine.

-

The clear key. By means of thia key in fact the register C
1s olsared by blocking off the entrance of € and atarting the
machine, So 4in C +the instruotion 0/00 comes, which, becauae
(0) = @ also olears A and B. Furthermore the control is dbrought

into a oondition as if the previous inairuction has been a 20-
operation, See further p. 31.

The three selection switcheas, The functioen of “thease
switches has already been explained with ‘the 29-operation.

The only function of the other keys on the keybocard is to
provide the faclility of loading the machine 1if the whole atore
la empty, and +the facility of executing instructions manually
to {est the machine. A switeh called OV deprives the machine of

- dts autonomy. In +that case a new instruciion is not extracied
from ¢ but from a set of switoches on which an instruction can be
set up manually. There are eighteen of such switches, l.s,
twelve for +the address and six for the operation. A switch
called AH provides the faclility of switeching over from the store
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to +two keys "O" and "1% by means of which a word can be brought
manually into the accumulator {(or any other desitination which is
normally possible).

Programming

In the paragraphs which are now following, some eXamples of
programuing wlll be given. These eXxamples mainly serve for tae
elucidation of the system of oconventions as it has been sdopted
in +the use of PTERA, It is by no means the purpose t0 give an
exhaustive account, xather +han to highlight some programmin
peculiarities of the PTERA c¢ode. '

F

1.61 The input programme

90 far only the functioning of the machine as such has been
dealt with. The wvarious instruotions and their aotion have been
discussed elaborsately. So these arse only the potential possi-
bilitiesa, An automatic ocomputer owses its value mainly to the
iibrary of sub-programmes, which musat, however, be written in a
general form Iindependent of the actual location where they are
put into +the store in a particular application, This form ls
determined by the system of conventions, which is not directly
determined by <+the machine. I1 is possible to build up various
systems of conventions, but for each type of machine it holds
that +the instructions are most suitable for s specific use, Or
rather: +the system of inatructions has bheen designed beforehand
in view of a particular system of conventions, Such & system 1is
always a compromlise between what is easiest for the programmer
and what is aimplest for the machine.

The structure of the system of conventions is mainly deter-
mined by:
8. the use of sub-programmesg
be the input programmse,

a, In +his machine Jjumping to a sub-programme and sfoxring
the return Ilnetruction by the operations 50 and 2C is a vexry
easy ©process., That is why all the independent parts of "a com-
putation will be brought in the form of a sub-~programme, In R a
datum can be +taken alohg and in A and R two results can bhe
carried Yaok. If only cne result need be carried back this will
always <take place in A and R. Series of coefficients, series of
working reglsters, etc. will cften also be brought in the form
of a sub~programme, though execution of these programmes is out
of +the guesation., Then they can be used by means of the normal
code digits and serial numbers,

b, The dnput programme 4is used 1o feed programmes and
numbers into +the machine, The most important thing is thet the
numbhera and addresses must be converted from the decimal into
the Ybinary system. A smecond funection of the input programme is
o0 +tranaslate +the genersl coding of all sub-programmes on the

tape into +the specific addresses in the prodblem concernsd, All

the tapes are coded beginmning at O relative. While these 16
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lative addresses are being put in, they are adapted to the place
where +the programme will really be placed. This is given in &
80 called fixed parameter. There are eight of these fixed para-
meters (the reference points with respect to which the relative
numbering takes place) available.

The requirements +that we shall impose on the input pro-
gramme ares

1, I+ must start on register O, so that with cleared A, B and C
the machine begins gt O when +the start key is being de-
pressed,

2. It must be poesible to put in the addreases of the instruct-
jons in such a manner that no non-significant zercs need he

* punched.

3. & c¢ode digit indicates with respect to what parameter the
beginning must be counted. *)

4. By means of an input indication it must be posaible to start
input at an arbitrary locationi such an input indication must
also be able +to use the parameters. Another +type of input
indication must start carrying out a programme that has heen
put in, at & certain address.

5. It mugt be possible to put in numbers by means of the normal
input programme during input of instruoctions.

6. When special activities have to be psrformed during input, it
must be possible to leave the input programme without des-
troying +the possiblility of continuing input at the point
where it was interrupted. |

The input programme runs as fTollowsa:

= 110 0/00 Stop. Start of input programme.
1 13/20 Jump to 13,
"o £
"3 !A M=k ~ 14
" ~18
4 2
e 2"‘"15
"6 2; Constants
W 107
wgl{ 2=
Hg 1085
"10 10e
"11]  16¢
"2 35/44 |
1 —> 13} 35/10 Clear 35
31~ |
ig = 14| _ _2/03 _ Read code digit
15 | 45 /20 If stroked: jump to 45

%).Ei_J; Wheeler. Programme oxrganization and initial orders for
the EDSAC. Proc. Roy. Soc., A202(1950)573.
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14 — 16 12/44 Form parameter instruction and put it
T2 — 17 22/10 } in 22
18  20/20 Jump to 20
21 —> 19 10/60
18 —> 20|  2/05 _ Read address
21 1 19/20
20 —»( 22 35*3/44 Add parameter
231 _4[0_7_ _ Read left-hand operation digit
. 24 61/20 If stroked: invert word
23 —= 251  _ 5/07 _ Read right-hand operation digit
26 30/20 If stroked: replace store instruction
Eg (27 n/10 Store instruction. (n/10 ox n/20)
48 —» 28 27 /40
29 2/44 Add 1 to store instruotion
26 —» 30 27/10
1 14/20 Return to 14

Baohk instruction on the tape is written as:

code digit addresa / operation
The meaning of this dis:

c afop = (35 + o) + afop

So when the address is being put in it is inoreased by the con-
tents of reglister 35 &+ ¢, the register where the ot parameter
is looated. Parameter O in 3% has been reserved for absolute
addresses, 80 35 is always cleared. 36 has heen reserved for the

beginning of each sub-programme during input of that sub-pro-
gramme .,

- The actual)l input programme starts at 14. The code digit ¢
is read. If the code digit has no stroke, 15 is skipped. On 16
the instruction 35 + o/44 is formed, after which it is placed in
22, Then +the address is read in and converted by msans of the
cycle 19, 20, and 21, The last digit has been marked off by
means of a stroke at which it jumps from 20 to 22, where the so-
called parameter Instruction 4is carried out, The parameter is
added, the Ifirst order digit is read into the machine in the
right .place, 24 is skipped, the second operation digit is Tead
and 26 4s skipped too. On 27 there ia the so—called store in-
struction, which puts the instruction into the store. On 28, 29,
and 30 <the store instruction ia augmented by 1, 80 that the

next instruction 48 put into the next register, After this the
procedure is repeated. |

To determine at what loocation input must be started, an
input i1ndication 1is given at +he beginning, By an input in-
dication are meant all the taps combinations which ultimately do
not enter the store. By stroking the last operation digit the
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storing instruction is replaced. So when n/ﬂ'}{ is on the tape

n/10/ is taken in, 26 is not skipped, and (30) replaces (275
by n/10, after which the input starts at n.

This 1is also +the method to leave the input programme in
crder to carry out the programme at m. Then the storing in-
styuction is replaced by m/20. Another instruction has to be

taken in as yet, after whioh the programme runs into 27 and
Jumps to m,

When +the machine is Ybeing started, +the process is as
Toilows: A, 3B, and C have been cleasred altogether by means of
the clear key and +%the machine has been brought into the con-

dition a8 if the previcus operation has been =z 20-instruction.
Then the following takes place:

c B A
0/00 0/00 0/00
1/00 0/00 0/00
0/00 “ 0/o0 13/20
0/00 « 13/20 0/00

13/20 0/00 0/00

35/10 T 13/20 0/00

14/20 eto.

The first normal instruction is the clearing of 35, as is al~
ways required. After that the programme starts on 14.

In +ths starting procedure there is the exceptional situat-
ion that the Yoperation cycle" occurs some times in sucocession.

For verious ressona it is desirable to be able to leave the
input programme and %o recontinue it without affecting thse
gtoring instruction. This is done by means of the siroked codse
digits. This is one of the reasons why the code digit is placed
in front. Then already from the beginning it is known whether a
normal instruction or =a stroked code dAigit is following. The
function of +he satroked code digits is determined by the con-
tents of the first track {32 - 63), running as follows:

32 |
33 Available for special purposes
34 | | Code digit
35 0,/00 | | 0
(36 Begin address of sub-programme.
37

38

39

AQ Parameters

i - L AN -
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41 6
42 1
43 8
"A4 48 /20 Constant
15 —s 45 44/44 Form and place Jjump instruction
| a0 | ase ofes
: 418+6 /20 Variable jump
o/ —48] _28/20 0y 1oile for mpeoial purpesers T 1%
1/ —= 45 69/20 Use directory
2/ —= 50 21/40 }
51 4 /4 6 Remove store operation from instruction
52 36/14 } Flace +this address in 36 and jump to
3 &64/20 directory programme
6/ — 54 Available for special purposes
57 —> 55 10/60
B/ -—-—#_5§ o _2[0_5. _ }R-ad. digits of fraoction
_ 5/ 20
56 — ;: 6:;','?:) } Divide by conversion factor
_60f _ 0fo5 _ } Provide number with mign
24 — 61| ©+2/63 @ + 2/63 = 5000031268 =~ &.10°,2~C
360:: 62 27/20 Jump to store insiruction
£/~ 6 0/20 Stop

I with (14) +he input programme takes up a stroked code digit

3/:

then the programme jumps to 45. There 48 + 0/20 is formed

and this Jjump 1is carried out.

The following code digits are provided:

The utilization of +this diglit does not affect the register.
Input iz normally continued on the next register, Because
it is rarely used, it is also available for othexr purposes.
Make use of the directory

Adjust the directory } See nexi paragraph.

Free fox special purposes. :

Input of fractions with sign, The fractions are put in as
natural numbers (of which the zeros on the left-hand mids
may be omitted). With (58) and 859) the division is made by
the oconversion factor 107,2-3U, where (61) serves as tail
of -the dividend, On the free dligit places 0 . 12 the in-
struction 2/63 hag been supplementad by such Jdigits that
it 4is as much as posaidble equal to £.10”7. In this way the
quotient 4is _rounded off. (60) and (61) provide the number
with sign, O/ Dbveing equal +to0 + and O being egqual 10 -,
Finally +the fractions are put into the atore by the normal
store instructlion.
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Examples:

+0.376524276 is put in as 8/376524276/0/

-0.0005273  is put in as 8/527300/0
a/: These 1two code digits can be released to take in fractions
b/ : by means of a special input programme, a./ being equal to +

and b/ being equal to -. Zeros on the right-hand side may
be omitted; the last digit is stroked,

Examples:
+0,0003456 is put in as a./{}O03456/
~0.25 is put in as bv/25/

With +this coding, numbers punched out by the machine can
immediately be read in 1in the same code (a = +, b = =),

Moreover <the programme is much quicker than the normal
8/ programme.

e/t Return immediately to the store instruction. By means of
this code digit a register is cleared during input, ifter

an input indication n/20/ e/ the machine directly starts
executing n/20.

£f/2 Stop the machine.

Negative 1integexrs are put in by means of the jump on 24.
By stroking the first operation digit of an instruction the

address 1is oput 1in as a negative integer. So -623 is put in as

0 623/0/.

The directory programme

A complete programme will as a rule conseist of a number of
sub-programmes and a main programme, which coordinates the
functioning of +the sub-programmesa, In various cases standard
sub--programmes from the library can be used; Some sub-programmes
will have +to be made specially for the problem. Sub-programmes
which are not using other sub-programmes will be called sub-
programmes of <the 0%0 order; sub-programmes which in their turn
make use of a 'pro%-ramma of the Oth order, will be called pro-

grammes of +the 18% order, etc. The main programme is of the
highest order.

In =&al1ll the sub-programmes and in the main programme the
storage Jlocations are numbered from O (relative with respect +to
the beginning of this sub-programme)., The initial address of a
sub-programme will always be registered in 36 so that with the
code digit 1 the relative addresses, when they are put in, will
be adapted auntomatically +¢ the location where the programme
enters +the store. Theme initial addresses need, however, noi be
known +to +the programmer. It is also mors convenient if the
length of a sub-programme need not bYe taken into account, The
most Jlogieal method is to place all the sub~programmea con-

secutively into the store, Then each sub-programme can be given
a serial number. The directory programme can automatically

register +the initial addresses of the consecutive sub-program-
mes. If in a sub-programme reference has to be made to a sub-
programme of lower order, the latter can only be looked up in
the directory if it has already been put into the siore. There-
fore +the following convention has been adopted: sub-programmes
of a lower order are always inserted before sub-programmes of &
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higher order. So the main vrogramme always comes last,

The directory programme is controlled by means of the code
digits 1/ and 2/. The code digit 2/ provides for the registrat-
ion in the directory programme:; by means of 1 / the directory is
made use of. The code digit 2/ has the following functions:

a. At the end of each sub-vrogramme the next location jis

regorded in 36 as the beginning of the next sub-programme;
b. the =address is also recorded sequentially in the directory.
It is more corract to give the 2/ at the end of a sub-programme,
becauss there oan be intermediate activities such as the in-
gertion of parameters., In +that case the store instruction is
lost, buit the correct address is retained in 36, (The code
combination GK in the EDSAC, which is more or Jless comparable,
is given at +the Dbeginning of a sub-programme.) Only the main
programme does not terminate with 2/.

A code digit 1/ always forms the beginning of a whole in-
styuotion., Such an instruction is comnosed as follows:
1/serial number/address/operation

in which the serial number may run from 1 to f. (0O can be used
for special applications.) The meaning is:

1/v/afop = (74 + T) + afop

Then the address, relative with respeot to the beginning of
the said sub-programme, is8 put in., If the last operation is
stroked, a 1/-instruction can also be an input indication.

The directory programme runa as follows:

53 —= {64 75/10 Place address into the direciory
65 2/40 Advance the directory store instruction
66 64/44 by 4
67|  64/10
68 14/20 Resume input programme
1/ ***__62 o _iEZG_‘.I_ _ Read serial number (one digit only)
0} 4095%/20 If digit not stroked: Jump to the last
69 —» T4 73/44 reglister
e 17/20 } Fo:rm look-up instruction and jump to 17
773 T4/44 Constant
14
7,? Directory
90

The action is as follows: With 2/ the programme enters at

50. The storing instruction, which is in 27, and whioh has al~
- ready been increased by 1, is read in and the operation part is
removed ‘from 1%, Starting from 75 it is put into the directory
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and stored at 36. (63) to (67) provide for the advancing of the
directory store instruction.

with 1/ the programme arrives via (49) at 69 where the
seriazl number is read. The latter is normally stroked. At 71 the
instruction 74 + r/44 is formed, which is stored by (17) in the
location of the parameter instruction. For the rest the input of
an addrese& and an operation proceeds normally.

On 70 a spare facility of the directory programme has been
utilized to Jjump with a non-sBtroked serial number, to the last
register of the stors. If there is a 20-instruction in the said
register, 1t can be used for special purposes, The instruction
4095/20 provides, however, also the facility +to interrupt the
normal alternation: instruction cycle — operation oyele in
another way +than a jump. By placing an instruction O 0/40 in
1023 the following takes place: The Jump 4095/20 functions as
1023/20, because the digits 18 and 19 of the address do not
exist. A is cleared by the instruction 0 0/40. The intermediate
jump operation 409%5/20 is increased by unity resulting in the
instruction 0 0/30., So the intermediate 20-operation has heen
cancelled. O O0/30 puts O into A and also shifts a O to B., Thus

C is also cleared and the machine is stopped, with A, By and C
cleared. "

1,63 The pre~input programme

The input programme must somehow have come into the store,
2.8 by putting it in manually, which entalls nmuch work. It is
much more oconvenient 4o wmake use of a pre-input programme, a
very simple input programme, which by means of a specially pre-
pared tape is able to take in the normal input programmse. The
pre-input programme itself muat be as short as posslible and the
tape may not be too long. This appeared to be realizable only
by applying a cascaded pre-input programme. The first pre-~input
programme first takes in another input programme which works a
Tittle faster and with an easier code, The second pre-~input pro~-
gramme, which has +thus been formed, is extended a litile and
then i1t takes up the normal input programme in a special code.

The second pre-input pregramme runs;

11 16 € }
Constants
"32 £ . |
35 e 33 11 /60 Reading cycle. Read all the digits but
3G - 34 11/05 "one in the hexadecimal system

Read last digit
If the digit is stroked: replace
gstore instruction

Return to reading cycle



- 36 —

In the first place a new input Iindication must always be given
for the storing of an instruction or number. The first activity
of the programme 18 fto extend itself by: |

40 32/44 Augment store instruction by 1
41 38/10

RHeturn %o reading cyocle

Then (37) is replaced by:
1/20 Jump o 41

and (39) by:
39! 38/40 Take in the gtore instruction

With +this last addition the pre-input programme has got the
facility of advancing its store instruotion.

The first pre-input programme is:

Read digit times (1)
Constant = 2~ 19
Read digit times (0). Test on stroke

Store the store instruption

In principle it is already opossible +to take in a tape by means
of this progremme. When the machine starts on O with 95/ on the
tape: (45’ » 5/14, after which the machine stops on 5. *) 5 Dew
comesg clsesared, After that the machine is started for the second

time on O with 20 on tape. Then (5) = 0/20, and the programme
can Treturn itself, 0/20 must be brought in € if +the machine is
to start on 0. It does not take more work to put this 0/20 di-
rectly in . Then the machine need be started only once. So the
following program 18 inserted manually:

Read digit times (1).

Constant

head diglit times (0). Test on stroke
Replace store instyruction

Store instruction

Return to O

The tape reads:

4 1{1/ - 12/14 Thus {(A) Wili be cleared

4] ebebdd/ = 33/14 (A) =0 12 is a rubbish dump
Now the new store instr.

*) The ides t-é_ place a8 14~instruotion in 4 is from Dr G. v. d,
ey,
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O/{)/ Yow the input of the normal input pro-
100/0/ gramme follows
0 0/0
t 200/4
2 0/1
1100/3/ Put in (3) negatively
3| IPELEEL/E The only way of putting in Ve !
100/4/
4 100/0
5 800/0
6 0/2
71 3b9acal/0
8 | 2000000/0
9| 5£5e10/0
10 0/a
11- 1/0
12 2402/3
13 102/3
141 = 1800/2
15 202/4
16 2400 /o Cf. pages 29 and 30
17 101 /v
18 201/4
19 600 /a
20|  2800/2
21 201 /3
22 2400 /0
23 3800/4
24 203/4d
25 3800/5
26 201 /e
27 101 /o
28 401 /v
23 2400/2
30 101/%
31 200/e
200/0/ Stop
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In the first vart of this programme often an extra replace-
ment of the store instruction is required to clear (A). The most
impoertant feature of this nprogramme is that the building-up
cycie is the same as the storing cycle. The building-up process
can only be performed thanks to the 14-instructions in 43 clear-
ing can only be carried out thanks to the 10~instruction in 3.

1.64 Some Special input programmes

It has proved to be very useful to apply the serial input
programme, It often oceurs that large parts of programmes con-

sist of series of instructions which resemble one another wvery
much and which have a regular siructure, This will especially be
the c¢ase with stretched programmes, The serial input programme
makes wuse of +the free code digit 6/. The structure of such an

instruction ise
6/ c afop xfy/z/

In this instruction o afop is =2 normal instruction with
code digit, address and operation. This may also be a 1/ or even
an e/ instruction. x is the number of times that the instruction
mist Tbe inserted; y 1is +the size of +the interval between
succensive instructions of the same type and z is the increment
by which the instruction must be increased every time, After the
serial input the normal invut is rosumed consecutively. The pro~

gramme itself does not enter the directory. The programme runs
and furictions as follows:

O 66/20/' Do not enter +this programme in the
8/ 1 /0 directory by not advanocing the
directory store instruction
0 s54/10/
6/—> 5411 0/20 Go with 6/ to this programme
1  o/10/ '
g —» 0| 0 27/40 }Tak:a store instruction and put it into
1|1 19/10 1.19
210 0/50 }’I’alr.e in the instruction
310 30/20
0.27T—= 410 27/12 Put it negatively into 0.27
510 0o/ '_;?G }T&ka in x
610 17/20
0.,22—="T71 0 47/10 . Place x in 0.47
8 0 0/50 }Take iny
‘910 17/20
0,22~+140| 0 34/10 . Put y into 0.34
11| 0 41/60 Form xy
1211 19/44 }Fom the last store inatraction for
131 0 47/10 tost. Place this into 0.47



14| 0 0/50 Take in z
L c 17/20
0.22-*16| 0 22/12 Place —~2 into 0.22
25 17| 0 27/46 } . .
Advance and place instruction
18] 0 27/16
(19 e/ Storse instruction
20| 1 19/40
211 0 34/44 Inorease store instriction
2211 19/14
2310 47/47
24| 0 22/32 _ Test and take in z
25| 1 47/20 If not ready: return to 17
24 —» 26} 1 19/40
2710 34/46 Place <+<he normal store  instruction
281 0 29/20 again and return

1.65 Programmes for floating addressing

When a programme is being made it often happens that some
instructions have been omitted. It is wery difficult to insert
these instructions afterwards, as _then +he entire programme
would have 1o be renumbered. WILKES *) has pgiven some methods
~4hrough which +these difficulties ocan be overcome. It is, how-
ever, a drawback of these methods that +they rTequire a rather
extensive administration programme and that a programme that has
already been put in, must bYe ocorrected afterwards by this ad-
ministration programme. For PTEHA a somewhat simpler method has
been developed.

The procsdure of floating addressing is as follows: No
sddresases are punched on the tape. The instructions enter the
store oonsecutively without further proviaions having to be
made, Labels need be given only 4o working registers, constants,
variable instructions =and points to which jumps are referring.
There is a difference between references to registers which have
already been put in and registers which have still %0 be put in.
For +the firat kind +the location to which reference has to be
made, 4is already known in %the machine, If an arbitrary number
is allotted to such a register, further on reference can bs made
to that register by means of this number,

1f, when making a programme, one must refer in the normal
mannexr to places that have still to be filled in, the procedure

*) M. V. Wilkes, The use of a Ufloating address" system for
orders in an automatic digital computer. Proc, Camb. Phil. Soc,

49(1953) Part 1, 84,
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is mostly that the relevant instruction is temporarily not in-

serted, and 1is put in as soon as the point to which referencs

has to be made, is known., This method can alsc be applied %o

floating addressing. The advantages of such floating programmes

aYes *

1 Instructions that have %been forgotten, can be inserted
without further provisions. This does not affect the coding
on the tape of the remeining part of the programme.

2. The floating addresses which are allotted, are perfectly
arpitrary numbers, A certain label oan he used over again
when 1t is no longer needed for reference to the former lo-
catione Thus +the labels often consist of only one digit,
which is favourable for the input time.

The programme that provides for the floating addressing, makes
use of the code digits G/ and ?/.

The 7/ part is used to allot floating addresses to certain
registera, For this purpose use is made of +the parameter
registers and of the directory reglsters. If we introduce the
sbbreviation: {x> = the address part of (x), then the operation
of the 7/ combinations can be expressed as follows:

1/x/ 1+ {27>—>35 + x x = 1(1)8
/vy 2 2D>T4 & ¥ . v = 0(1)f

These ocombinations are applied as followst

T/x/F By means of +this combination the real
address a 1s recorded as floating ad-
. o dress x
%
|
x 0/20 By means of this combination a jump is

made 4o the real location a.

7/;? By means of this aombination » is re-
| corded in 74 + ¥y in the directory

| 1/v/0/20 By means of this combination +the xe-
o corded address is used again

So with +these combinations alone, it is only possible tc use
addtesses that have already been filled in.

Roference +to addresses which have yet to be inserted, 1is
made by means of the O/ combinations, The function is:

0/xfop t <27p/fop —= (35 + x)
ofy op + <27>/op — (74 + ¥)
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Phese combinations are used in the following manner:

71

¢4

1/x/
o/

L

O/x/a'p

- -puin-iell g

The programme

mnnmnss

"

10

G —> 11
12
(13
14

15

16

17

O = O Q= O} O O O

0 5/05

The location of +the instruction re-
ferring to a location +that has yet to
be filled in, is kept free. The Teal
location is a, The loocation %o he re-
ferred %o 1is in reality n

Before n is going to be filled in, nfop
is filled in on a by means of +this com-
bination.

which provides for the code digits 0/ and 7/

66/20/
1/0/
48/10/
9/20
5%/10/
0/20
0/50
17/20
o/10/
0 2/01 _
1 8/44
0 d/44
1 6/10
0 27/44
0 4/46
o/
Y, /20
0 39/00
0 2/01
1 B/44
0 o/44
1 4/10
of
0 4/44
1 6/10
0 4/0%

_ } Do not enfter programme in directory

Place O/ entrance

Place 7/ entrance

Replace 8/ part

Take in x

If not stroked: form 74 + x/10
If stroked : form 35 + x/10
Place this in 1.6

Form {277 oxr £27) /op

Store this with 35s+x/10 or T44x/10 or

(35+x) /10 or (74+4x)/10
Return Yo input programme
Constant

Take in x

If not stroked: form T4 « x/44
If stroked : form 35 + x/44
Place this in 13

Bxtract (35 + x) or (74 + x)
Form and place

(35 + x)/10 or (74 « x)/10

} Take in operation digits



- 43 —~

1.18 ¢ 1 20 Use 4 — 7 in common with first part.

2/

1,66 Rapid input programme for fractions

For programmes in which many fractiona have to be put in
the 5/ code is not +the most suitable one. The greatest dif-
fioulty is that the zeros have to be supplemented on the right
hand side of +the number, It would be better if they could be
deleted but then they have 10 be placed on the left hand sigde,

The notation of the programme meeting <+this difficulty i=s
the following:

+ i8 code diglt a/ , — is ocode digit b/ , then follow the digits
of which the last one is stroked, So:
+0.3 becomes a/3/

~0.0095 becomes 1b/0095/
The programme Iunss

0 66/20/
0 1/0/ }‘?Do not enter programme in directory
0 56/10/
8/-»0,56| 1 0/20 Place 8/ entranoce
o s8/10/
a/->0.58| 1 6/20 Place a/ entrance
9 | 1 3/20 Place b/ entrance
1 0o/10/
0.56+1.0] 0 0/50
110 17/20
0.22-»"21 0 7/51 Substitute for 8/ part
310 61/70
. 41 0 60/20
0.59— 5| 1 36/40 Form O 7/51 for + and
0.58—> 6|1 2/44 form O 7/53 for -
7{1 26/10 Place this into 26
_8|o_ 9/03 _
911 26/20
8 — 10| 1_ 30/07 _
1111 26/20
10 — 1211 31/07 _
4
1
‘i
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14—1.161 1 33/07 _ Read digits
171 1 26/20 If stroked: jump to 26
16— 18| 1_ 34/07 _
191 1 26/20
18 = 20} 1_ 35/01 _
21] 1 26/20
20 — 22| 0 10/07 _
23} 1 26/07
22 —= 24] 0 2/05 _ f
2hl1 O 0/20 If last digit not stroked: stop
(26| of 0 17/51 or 0 7/53
271 0 61/70 Divide by conversion factor
281 0  0/45 Take over into R
9] 0 271/20 Return to store instruction
%30 0 10000000/00
"31| 0 1000000/00
"32| 0  100000/00
"33 0 10000/00 Constants
"343 O 4000/00
"35{ O 100/00
t36{ 0 0/02
2f

1.6T Ragi& input programmes for instructions

The normal input programms offers many facilities for the
programmer, which, however, slows down the speed. For programmes
which are freguently used and which consequently have often to
be put into the machine, i+t is recommendable +to have the machine
punoch out the programme in sbsolute form such za it i=s present
in the store in such a code, that this tape can be Tead Iin as
quickly as possaible by means of a special input programme., As to
speed, the input oprogramme is most Iimportant herej; +the tape
punching programme need be used only once. Asg only 4 out of +the
5 holes in the tape are used numerieslly, it ia evident that the
hexadecimal aystem should be used. Only instructions (and all
that can be written in that form) and numbers are distinguished,
The yapid input programme is written over +the directory pro-

gramme, whioch has no function any longer. By means of 6/ it is
called into action.

o 173/10/
83— (72 Contains store instruction
73|10 T72/40
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7410 2/44 Increase store instruction by 1
gz 215 |0 72/10
”75 O §_8[O§_ . Read 131;' digit times 216
7710 64720 If stroked: read number
76 — 78 |0 4/07  Read 2®% aigit times 2'°
s to  14/20 If stroked: go %0 normal input program-
78 — 80 | 0O 89/05 g:ad. 3rd digit times 28
81 {o 11/05 Read 472 aigit times 2
82 {0 2/05  Read 5°® aigit times 2°
" 83 10 72/20 If not stroked: go %o atore instruct-
82 .--.pﬂg - 2/20 égnsgmkaﬁ: raplace store inatruction
85 |0268435456/00 = 2°
w86 10 16777216/00 = 224
87 |0 1048576/00 = 2°°  Constants
"88 10 0/02 = 216
"89 |0 256/00 ° - 29
O 75}20/ Change over to high spsed input
0 49/10 '
49 02000 = 0 0/20 Put 1/ out of operation
01034/ = 0 52/10/
52 01024 = 0 36/10 Changs part for 2/
3 0200e = 0 14/20 -
6/—» 5¢ 02041 = 0 75/20 Place entrance for 6/
01040/ = 0 64/10/
11—=64 |. 18055 = 085/03 1% aigit times 2°°
65 | 28056 = 0 86/05 2™ aigit times 224
66 | 28057 -087/05 3% aigit times 2°°
67 28058 = 088/05 4°° algit times 216
68 | 28004 =0 4/05 5% aigit times 212
69 | 28059 = 089/05 6% aigit times 2°
70 | 2800b - 0 11/05 ~ T™® digit times 2%
1. | 28002 - . =0 2/05 8% aigit times 2°
S o00/f | “‘*Pquciaad‘to normal input programme

The absclute punching programme assoociated with the rapid
input programme has been made as quick as posaible with respect
to the input programme, The procedure is as follows: after a
programme has been inserted into +the machine (36 is not af-
fected), the programme asks for an initial addreas. From there
the contents of +the mstore are punched out. When the selection
switoh I 1s operated, +the programme stops with the extraction
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instruction in A. After it has Vbeen checked visually whether a
sufficient number of data have been punched, the process can be
contimed by switching off I. This can be done in two ways: with
the selection swiitch II on O the process 1l1s continued from the
place where the programme had stopped; when II 1s switched on,
the programme asks agalin for a new inltial address, This is
ugeful +to punch out a programme which consigts of various non-
sgquential parts, When sufficient data have been punched, I is
not switched off after which the machine is started. The pro-
gramme f£ills in 36 and writes the input indication for starting
on the tape, Purthermore Dblank +tape 18 punched +ill I 4is
switched off again. The machine stops on O,

Pre-punching

0 37/10/
0.37 p/00 Location of the programme
Programme |
0 38/10/
0.38] 2 63/00 Parameters
3910 0/8f
2 0/10/
"2,0; 0 20/00 . Stop. Also consitant
"f | 2 1071 906
817/41 =2 1/41 + constant for punching 0/00/6/
210 11/13 o/
3|0 2/13 Punch 0
410 11/13 o/
510 11/14 6/
62— 6{0 0/50 ]
0 30/20 } Take in initial point x
8|0 4/45 Porm x/10 in R
9|3 0/44 Form x/41 in A
s1—sto|2 ofto  Tleee eximetion nstmotion. Alse
1113 2/11
1210 11/11
13fo 11/11 |
1410 11/41 Punoch input indication
15{ 0 11/40
16| 0 0/50
1710 11/15
(_15 2/ _____ Extraction instruoction or return instr.
193 1 /36 Test whether number is negative. Sub-

C A A traoct 220 (Test on A)



2.20 12 50/20
19 —= 2110 11/30

21 —> 23
24
25

26

27
28

29

30 |
31 |

31 —= 33
34

34 —> 36

18 — 38
39

41
42
43
44

45 |
49 —> 46

47

a1 — 49 |
20 —» 50 1

51
22 — 52

2 ,

S N O N Q Q Q Q W

e
2

oﬂ.

2
3
2
0
3
0
0
0
0
0
3
3
0—

0
3
2
0
0
0
3
0
0
g

22/e9

2/11
11 /11
11/11
11/11
11/11
18/40

2/44
18/10
0/29
18 /24
18/00
_0/2%
60/20

3/51

10/20

36/41
2/11
14/11
11/11
11/41
11/11
0/11
4/41
5/11
_o/2a
._ 20
46/20

6/47
0/40

0/50
2/15
0/50
7/15
11/11
11/11
11/11
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If negative: punch as a number

If positive: test whether {(x) - 220 0
(Test on A) (=) }?

If positive:r go with 16 to punching
part for numbers

R has 8till been preserved

Punch instruction

Advance the extraction instruction by 1§

Test on melsction switch I

If O: proceed

If 1: stop with extraction instr, in A
Teat on selection switch I

If O Jump to 60

}Punuh 0 36/10/ .

Punch (36)

Punah 0

Punch 0/1 0/20/e/ and them blank until
ﬁha‘aaleﬁtian switch is dbasck on O
Stop on O

| Fém {(I) - 22&.}*{}‘- - 220} by which the

sign diglt is removed from +the number

Punch 0/ for pos.
Punch 4/ for neg.
The first symbol is always stroked
Punch 4wo binary diglits behind the point

S0 the second symbol alao has a stroke
0/ for pos., 4/ for neg.
Punch 3 digits of numbsr
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4,/00
0/24/

ll'?

2,591 2 24/20 Punch +the remaining digits like those
35 —=6014_ _0/21 _ 32?&“?322322 switoh IT
6112 18/24 If O: return to extraction instruction
&0 —» 62 2  6/2¢ If 1: take in a new initial point
3 o/10/ |
3,010 0O/31
m|o  1048516/00 = 2%
"210 0/40
w310 36/10
w410 538446366/00 Punching constant for 0/10/20/e/
w510 32/00 i o
" | 0 1072693248/00 = m - 220
O
2

o/
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Introduc 4 ion
/-n--—-w-

whe (2 & computer 13 Dbeing constructed it 1is not possible
to var ¢f tiie original projects very much, S54ill development is

needed P

The  Pprinciples on which PPERA is based, have given rise to
the des gNing of +two machines: machine ZERO, which has already
been des ¢2¥ibed by the author earliexr *) and ZEBRA, which will be
describea- in this parit.

ZER(Y was designed as exporimentsl machine for PTERA, and
e£d operated as such. The idea of uasing functional digits
based pperation was fully applied in it. Ths machine did not
have a muliiplier nor a divider. The programme required for
multipli gzation was very long, =0 that the design was not
suitable for a practical machline. In part 3 the machine ZERO
will be q18ed further as z sterting point of saome +heoretical
observ .aationse,

The point was whether with a consequent appllication of the
oractic &1 use of the operation digits it would be possibls to
construc ‘6 & practical and vet alimple machine (B.g. without
multipl &Y and dividar), sauch with the elimination of some
flaws i 28 inherent in PTER.A., 1.©,.2
It is ; very uneconomical to use & whole revelution foxr +the

extra ,&tlon of a number, while a ciroumference contains. 32
numbe §7X"& .

The parallel adding unit requires a great number of valves,
which » &¥8 moye components that can go faulty than in a serial
accum yitlator,. In PTERA it has proved +to be very difficult to
reduce 3 & troubles in the arithmetic unit.

Doubl , @=length &addition can only be operformed +via the
multi ,plication.

The A Y--aocumulator is not used while the instruction is being
extra tCbed.

Tt has been tried to make a design in which the principles
program - ¢ontrol of PTERA, the functlonal use of the operation

digits and +the simpllcity have Dbeen sapplied as nmuoch as
possibl 3

The une 3 uneconomical use of %time is mainly due to the way in
which t 5 he numbers have been distributed over the circumference.
If the zumbers are not interspsrsed, the first diffioulty can be
mitigat B@d foxr - the greater part. To derive maximum profit from
the 1| store with a relatively long access time, optimum pro-
cessing 2  (minimum latency coding) is required. For this purposs
a  ‘number of immediate access registers must be available.
reducin & of +the waiting time can be eliminated. *K)

s Vo d. Poel. A simple electronic ocomputer. Appl. Scil.
{ 1952) 367.

., Freedman. Elimination of waiting time in automatioc
E'ﬂ with delay-type stores., Proc, Camb, Phil, Soc.,
426.
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The sescond drawback ocan be avoided easily by having s
delay-type acscumulator with a serial adder. Thig fits quite well
in the system of bhaving +the acocumulator ©built in +the same
physical form as the immediate accesas reglisters. For +the sake
of simplicity multiplication should also™ be ocarried out in
series, which in principle requires about as many word perilods
ag there are digite in a number.As the word periods have, how-
ever, become a factor 32 shorter, multipllication need not be
slower +than in PTERA., (The preparation cycle and the inter-
mediate jump may not be counted, because they are slow in PTERA
but quiock in ZEBRA.)

For a serial adder the complement system is more Buitabla,
because the pseudo-complement system requires a mecond passsge
through +the adding mechanism to account for the end-around
CarTy . |

The third problem can he surmounted easlily by coupling the
two accumulators, which are at any rate required to carry out
s multiplication, in such g way, that a ocarry originating in the
tall accumulator is added 4o the head acocumulator.

The fourth drawback o¢an be partly eliminated by the con-
sistent use of funotional diglits also on the intermediate Jumps.
If the addresses for the two kinds of stores are also separated,
even the instrucetion and the operstion cycle ocan coincide, if
one addresa is used for the source of the new instruction and
the other address for the operand,

The ZEBRA is an automatio eleotronic computer, based on the
following principles:
1. The operational part (control and arithmetic unit) is small
with reaspect to the store, which bas a homogeneous siructure.
2. The structure of +the operational part is most simple. No
bullt-in maltiplier or divider. Sexrial operation.
3. The number of elsments haa bdesn reduced to a minimum, in
order to ohtain a maximwm reliability.

As the satructure of +the machine is so simple the pos~
gibility of making mistakes is small and pomssible milisitakes  are
eas8ily located., With a very small part of the store plua a well
operating operational part, the machine c¢an locate 148 own
troubles in the remainder of the store. Though no maltiplying
and dividing facilitlies have heen provided, +the multiplying
programme need not he elaborate, Because of the enormous
flexibility in the coding +this multiplying oprogramme oan be
very simple. Other facilitiesz as normallzing, automatio modify-

ing of instructions, repeating of Iinstructions etc. can be
sclved very elegantly.

The posaibility of optimum programming (minimum latency
coding) yields a2 high speed of operation. The multiplying speed
is less high. Special attenilon has been paid to inoreazsing the

- speed of interpretive programmes for floating point operations
and operations with double-.length numbers, '

A large class of programmes for ZEBRA is desad, i.e. nothing
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"has +t6 be written on the drum. ﬂ“'L) This is largely because all

action takes place in the short registers. Also the facility for
modifying instructions is wvery helpful in this respect. The
advantage. of dead programmes is that the tracks on which they
are vpresent, ocan be switched off for writing, so that these
Programmes can remain permanently in the store. This applies for

eXample %o +the input programme, test programmesg, and standard
output programmes.

The structure of an insitruction is remarkabdle for its
func+tional digits in the operation., The whole programming is in
fact a micro-programming, **) The operations are analysed into

much more elementary actions., This accounts mainly for the great
flexibility of the code,

The structure of the machine

Numbers inside +the machine oonsist of 33 bits, numbered

from O to 32. A number p has the value: 52

= DD, evse Pag = - ®
B POP‘I e sd P32 po + §Pjg

in words: for +the representation of negative numbers the com-
plement system has been used.

2.21 The store

The store is formed by a magnetic drum with a storage
capaocity of 8192 & 213 numbers each of 33 bits., The speed of ro-
tation is 6000 rpmi this is 10 ms per revolution, The number of
tracks is 256 and the number of words per track is 32. Consecu~
tive digits of a word are placed consecutively on the drum and
consecutively numbered registers are also placed in a normal as-
cending sequernce, The least asignificant digit of a word is
coming first in time. A word time is 1/32 x 10 ms = 312 /us..

2.22 The operational part

The operational part oonsists of the following registers:
At Register of 33 Dbits for the accumlation of +the most
gaignificant part (head). (One extra bit for overflow, Cf.
B: Register of 33 bits for +he acoumulation of +the least
significant part (tail).
C: Control register. This register receives the next instruction
10 be executed,

- D: Auxiliasry register for the control,

A and B are callsed accumulators.

ﬁ) W. L. v. 4. Pocel. Dead programmes for a magnetic drum auio-

matic computer. Appl. Sci. Res., B3(1953)190.

3y M, V. Wlkes & J. B. Stringer. Mioro-programming and the
design of +the oaontrol ocircuits in an electronic digital com-

puter.. Proc. Camb. Phil. Soc., 49(1953)230.
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Short regimters: Registers of 33 bits, numbered from 0 %o
31 (to distinguish Yetween drum addresses and short addresses,
drum addresses will be written with 3 digits, or will be =32).
Only the short ryegisters 4 to 15 have been materislized. All
ghort registers are immediately aaaaasi‘_'ilm They can be resalised
by means of delay lines on the drum ) or by magnetosirictive
delay lines *¥), '

Special short registers:
O: (O) = O In these
1: (1) = & = 2"32 registers no
22 = A, The A-accumulator has the address 2. writing can
i3 = B. The B-accumulator has +the address 3. take place,.

4s OFf. the aoction of the A-operations.

5 to0 14t normal short registers.

151 Cf. the action of the IR and XD-operations.

16 to 22: Not built in the machine.

23z (23) = -1 = the most significant one in the word.

24: (24) = conj (A);(B). 24 always contains the logical product

of (4) and {B). Tn 24 nothing can be written,

25: Set teletype signal equal to a_. (25) = (A) on reading.
26 to 31: Input and Output. Cf. 2.81 and 2,.82.

2.3 The structure of the instructlons
The digits of an instruction contained in C are called c

t0 c.... The names and shert characteristica are:

32
| O 1
Cq A-dlgit Jump add
o K-aizit short register shoxrt register for
1 & for scoumulator control
¢ Q-digit (B) £ ¢ —3B
33 Ledigit ghift AB lef+t
o 4 R-digit shift AB right
05 J—digit additive subtractive
O B-digit use A use B
GT C-digilt do not clear cleax
oq D-digit . read write on drum

*y Staff of +the Computation Laboratory. Deseription of =&
magnetic drum calculator. The Annals of the Computation Laborat

ory of Harvard University, Vol. 25. Harvard Univ. Press., Cam-
'britfige (M&ﬁﬁ-) 19521

**) E. M. Bradburd. Magnetositrictive delay lines. Electr. Comm.
28(1951)46.
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Oy E-digit read write in shorit store
c V-digit | selection test
10~
44 Vér—d:l.gs.‘ls V4: test on h32
Cyo Vz--rligit Un: test KSn VZ2s test on ba
G4 3 Vi~digit Vi: test on a,
44 W-.digit walt de not wait for drum
315-1319 Short address. Number of digits <3,

320-332 Drum address. Number of digits =3.

~ The A-digit determines the character of the operations If
¢g = O the operation is called X, and if ¢, = 1 the operation
1s called A. An X—-operation has as main elsment +the extraoction
of a new instruction, and the A-operation has as main element
the eXecution of an instruction. However, +the distinction

between these kinds is not sharp.

The K-dliglt determines for which unit the short registers
are used, i.e. for +the aritbmetic unit or for the control.
Together with the A-digit the K-digit determines the way of
coupling between the four parts: arithmetic unit, control,shor?
registers, and drum stors. This will be clear from the following

diagram:
Arithmetic
| unit
K A
Drum
| Store

Cf. the intmd.llﬁtiﬂn, P 5!

The funotion of the Q-digit is the addition of & to the
B-accumulator, irrespective of the store.

The diglita 6 and R effect the shifting of the contents of
the double~length accumulator +to +the left oy {40 the right,
raspactively.

The I-digit controls +he additive or subtractive gsetion of
an instruction, This only applies to the acoumulators, not 4o
the controel, and ‘then only for the tranafer to A or B.

The B.digit determines whether an operation refers to the A

or t0 the B-agcumulator. This only applies 1o adding, not to
Shif'biﬂgi
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The C-digit determines whether or not +the accumulator
engaged in the operation must be cleared.

The digits D and E determine whether reading or writing
takes place from (to) the drum and the short registers respect-

ively.

The digits V, '9'4, V>, V4 &are callsd the test digits. With
a testing operation +the operation is either or not executed,
dependent on the criterion desocribed by the diglits V, vd, Vo,
V1. If the dinstruction 1is not executed, an instruetion AQ is

exscuted instead,

The digit W is related +o the time selection on the drum,
If cy4 = O, the execution of an operation is delayed +ill the
selected storage lccation on the drum is present. If cy, = 1,
the operation iz executed immediately without the drum being
waited for. The drum is completely disregarded. 0 is always read
and nothing can be written on the drum.

The remainder of +the digits forms the addresses. c to
cq9 constitute the short address and opp t0 oy canatl?u-be

the drum address, €50 to ¢ gerve +the 1track selection and 008
to 63 serve +the time election within the selscted trask,
For he sake of shortness the contents of the drum address will
always be denoted by (n) and the contents of the seleoted short
address will always be written as (m). (n) = 0 if the waiting
digit is 1. If (n) is destined for A, this number is denoted
by (n)ﬁ. Then (n)B and (n)c are O,

In the same way by (m),, (m)p and (m)g is denoted <the
contents of (m) as far as they are destined for A, B or C¢. Both
other entrances receive a 0O,

The gotion of the instractions

2.41 The functional digits

The A-digit

. dn the control the A-digit has the following action:
Operation X: (C) + 28 — D (n)c n (m)c-——b C
Operation A: (m), + (D)—© (4) — D

Both c¢perationa do not differ in sc far as the arithmetic unit

i8 oconcerned. In any case adding or astoring +tskes place
accoxrding to:

B .
(8) L {(m), + (),f—=a  (B) 2 {(n)y & (m) }—>2
These stsndard operations can be modified by the other operation
digits.

Register 4 has a special function and 4is related to +he
A-ocperations., All instructions are either X-inatructions or

- A=instructions.
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The X-digit.

If the K-digit is absent: the ghort store is used for the
arithmetic unit.

If K is present: +the short sitore is used for the conirol.
On a reading operation: ﬁm) - C
On a writing opesration: D) —»m

If the Q-digit i2 absent: normal,

If @ is present, £ is added to (B) (or is subiracted de-
pendent on I), The &€ is introduced in the carry entrance of the

pre-~adder of B as if it were a carry from “b_y_". The adding of &

under control of @ 1s also taking place on a storing operation,.

The L—-d.igi‘b.
If L is absanti normal.

If L is presentt (A) and (B) are shifted one place to the
left, If A and B are not cleared the leftmost digit of B shifts
to +the rightmoat digit of A, and B is completed on the right-
hand side with a 0. The leftmost digit of A is lost. If A or B
are cleared, 0 is always transported from B to i, All other
operations are performed in the normal way.

The R-digit.

If R 18 absent: normal.

If R ia present: A and B are shifted one place 1o +the
right. When A snd B are not cleared, +the rightmost digit of A
gshifts to the leftmost digit of B. The rightmost digit of B is
lost, A is supplemented on the lefi-hand aide with a digit from
a place whioh will be called &_4. This place is situated on the
left slde of a,, and completes the A-ascoumulator to an adder of

34 placea instead of 33 placea. Foxr this extra place the fol.-

lowing rules hold:

If A is cleared, a_4 is also cleared., All numbers +to be

added are first added together in what is called the pre-adder;
then +the resulting number is completed with a copy of its sign
digit, after which ithe number of 34 digits is added into A with
the main adder. This digit is serving effectively to store an
ovexrflow. The only method 1o recover this digit is o shift it
to the right by an R-operation. The shifting to the right pre-
vallsd over ashifting to the left; thus a combination of R and L
shiftas to the right only. -

For the sake of doing multiplications +the following

faailit:{ ‘has ‘been added to LR:s If LR is present, add 'b32.(15)
to A instead of {m) A" *
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The I.-digit.
If the I~digit is absent: normal.

If +the I-digit is present: take +the complement of the
numbers of drum and short register, in so far as they are des-
tined for +the arithmetic unit. The contents of 15 on an XD and
an ILR-operation and the € on a Q-operation are alsoc complemented
when I is present, The I-digit does not refer +to numbers to be
stored, or to the control.

The B-digit.
If the B~-digit is abaent: the operation refesrs to A.
If the B.digit is present: the operation refexrs o B,

The addition normally takes place in A just as the sforing
normally takes nplace from A, However, if the B-dliglt is present,
the addition <takes place in B and the storing also takes place
from B. The B-digit has no influence on the addition of (15) to
A on an LE-operation, This az2ddition always relates t0 A. The
addition or subiraction of €¢ on a Q-digit alao always %takes
place in B. The B-digit has no relation %o the control.

The Gwﬁigit-
If the C-digit is absent: do not clear A and B,

If the C-digit is present: clear +the accumalator as prea-
cribed by the B-digit, before an addition or a shift takes
place. The C~dligit does not relate to the control.

The D-digit.

If the D-digit 1is abgsent, and if the execution is walliing
for +the drum: read <+the number from the selected drum storage
location and perform on it an operation according to +the other
digits.

Tf the D-digit is present, and the exeoution is waiting for
~the drum: write in the selected drum storage location ths number
from A or B acocording to the following rules:

With an opsration without B: og = O0: (n) ﬁeatined for A.
cg = 1: Transfer (A) to n.

With a B-operation: ¢q = 0t (n) destined for B.
¢g = 1: Transfer (B) o n.

On the combination of X ané. D an extra addition takes

place: Add (15} instead of (m) or (m) to A or B aaaardz.ng
40 the Buﬁigit.

 The B-digit.

1f the E-~digit is absent: read the relevant short register
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and use it for A, B or C according to the K and B-digit in the
cperations, |

- If the BE~digit is present: read the number as determined by
X and B in the selected reglster,
If X and B are both absent: 09 = 0: (m} destined for A.

¢, = 1: (A)~>m

If K is absent, B is present: 'cz = 0: (m) destined for B.
0y = 1 (B)— m

If X ia present: cg = 0: (m) destined for C.
Cg = 1: (D)—m

2,42 The test digits

If +the V-digit is mnot present, the dipgits V,, V., and V4
togethexr determine a number, having the wvalue 0 to %. Tﬁaae are
indicated by UO o UT., Tf +the instruction contains Uk, this
operation is exeouted if the selection awitch k haes been thrown.,
If not,the opergtion A0 is executed. The selection switohes will
be denoted by KSO to K37. KSO is always thrown, An instruction
with 040y C44» ©4py C47 = 0 will Dbe exeouted in the normal way.
KS7 48 materialized 25 a key having a normally closed contact.
This key serves as a start key.

If the V-digit is present, a V ls added to the instruciion,
> 2

" = 1001 is denoted by Vi: Execute the instruotion
if a = 13 if not
execiite A.

" = 1010 ia denoted by V2: Exeoute the instruction
if b, = 13 if not
execute A.

n = 1100 is denoted by V4: BExeocute the instruotion
if 'b32 == 1; 1f not

execute A,
iﬁ'bh the aid of these funotional digits s test can be performed.

2s4 3 Dou‘bla-élengjh Tacilitiea

To be able %o perform double-length arithmetic very easily

s device to take the carry-over from B to A is provided. As this

carry-over is only produced on the last impulse time in a vord,

4t is not posesidble +o add it to A in the same cycle, Thie is
always done in a later cycle {not necessarily the next) .

. Tha normal rmle for double~length arithmetic is as follows:
On every B or Q-opsration the carry-over is stored in an inter-
mediste storage of one digit. This carry is added to A on the
first instruction having a VO, which ocan be writien simply as V.
The B-instruction end the Telated V-instruction must have an
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equal I-digit. The intermediate store retains the carry which
has been put into it on the last B or @Q-operation. The carry
from the intermediate store is introduced on the carry entrance
of +the pre-adder of A as if 1t were a carry from M"ayp¥, On a
left shifting instruction with V it is introduced one digit time
later asg 3if it were a carry from 8373 This implies that an in-
gstruction of the form A200L5V can give wrong Tresulis, bhecauss
the addition of (200) and (5) in the pre-adder ocan give rise
already to a carry from a33 to a3y s8¢ that no other carry can be
added at the same tinme.

For a beitter understanding a short account will be given of
the precise action of the intermediate store. A subtraction in B

iz vperformed by adding the inverse of the number together with
introducing an extra complementary one on the carry entrance of

the main adder of B as if it were a ocarry from "by,". When a
mumber is added, the resulting carry is Just +the opposite of
what it would bhe, when the same number would be subtractsd. For
example subtracting O gives a2 carry 1. In general +this can be
formalated as TFollows: The bhorrow produnoed on a subtraction is
the opposite of the oarry produced by adding the complement,
However, on +the next V-instruotion the fact that a borrow has
been stored in the intermediate store in opposite form muat he
taken 1into consideration by reversing its significance as a I-
operation, The negative value of a Dborrow is automatiocally
accounted for by the introduction into the pre-adder. The result
of +his pre-sddition (now including the borrow) is subtraocted
from 4 on a subtraotion. |

These seemingly awkward rules are necassary to be able to
round-off on mltiplication with a special trick, and to use the
"V ag & sort of “"Q-digit" for the A-aoccumulator.

Examples: Round-off on multiplication

Naeo IB23 Last instr. of milt. contains I. BzZ3
subtracts § from tail giving carry-over
when taill ?i-

NeaoV Round—-off im added to head on next
operation, B-instr, and corresponding
V-instr, do not have the same Il-digit!

The use of V as "Q-digltt:
NeooLBL Subtract O from B thus making carry = 1
¥

|
t

. |
NeseV Add extra 1 to head from intermediate
sarry store seic.

2.44 The order of preference

) The funotional digits of +the operation are written in a
certain order. This order ia: AEQIRIBCI}W4V2V1 . By reading it
from the xight to +the left +the order of preference of the

- functional digite is given. One can imagine +4he action +o De
thug - that all functions take place subseguently. FPirest from the
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test digit it 1is tested whether the operation is taking place
or not. Then if storing has to take place first storing is ef-
-f:ac;ted. Then if clearing has to take place the clearing is per-
formed. The relevant regilster is indicated by the B-digit. The
position of +the inversion digit is of no importance. The order
of LR indicates that R has opreference over L. When R and L are
used ‘together, only a shift to the right is effective. A last

action the additions with Q and A take place. The position of
the K-~diglt is uwnimportant,

.45 The notation of the instructions

All instructions begin with an A or an X. As an X Jjumping
to the lmmediately following register is very frequent, an ab-
breviatlon will be introduced: ﬁ) = Xp+!1 18 to he desnoted hy N.
Then other funectional digits still can be added.

In general an instruction consists of an opening aymbol A,
X or Xy after whiok one or more addresses follow together with
funotional digits. When a drum address (having 3 digits or being
=>32) is written first, the wait digit is kept 0 by +the input
programme (Cf. 2.83); when the short address comes first, the
wait digit W is automatically set to 1. A short address O may be
omitted completely. Two addresses are separated by funoctional
characters or by a dot. B.g. X123.4 oxr A356BC5, However, when a
short address oomes first and when a drum address is following,
W=7 and the drum address is no more effectlive a8 an address.
With respect to the application of counting, +the address when
written as g is put in as 8192 -~ 2g., XK6R31 has W = 1, short
address = 6, drum address = 8130,

.5 Bome examples

’»51 A gimple programme
Be asked to add (133) ¢ (135; -~ (4)—>6 =and

(B) ~ & —B
100} AC133 (133)— A
101 133 can be reached just in time
102 4135 (135) + (A)— 4
103 ‘
104 | ¥QI4 (A) - (4)~—4& and (B) — &~ B
105 { NE6 | (A)— 8
106 | ® Neutralize special jump

When ‘these instructions are given the following is hap-
‘poning in the »registers:

A B C b,

a 1 . b X100 B During  A~linstruct-
- ha jons a continuous
AD133 5 X102
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A | B C - D
(1 33) b X102 | transport of the
intermediate X~
4135 ] 2104 instr. is taking
(133)+(135) X104 place between ¢ and
* | 3-

X105QI4.] X106

| | from C-—= D takes
‘X‘! T Z10CE6 place, (A) — 6
eto.

2.52 The use of the return instruction

One of +the saids used most in programming is the calling
in of a sub-programme. With +this faclility all compliscated
operations such as multiplication, division, square-rooting,
caloulation of elementary funotions eic., can be reduced to one
instruction.

The ocalling-in of a sub-prdgramme (for instance on 200) is=s
effectsd with X200KE4: jump to 200 end plase return instruction
in 4. This return instruction may be placed in every other shoxrt
register according to the requirements. The lay—out of the main

- programms and +the sub-programme is as follows:

Jump to 200 and place return instruct-~
ion.- in 4.

| 102 | Programme returns here
Sub-programmes
Neutralize KB4

Jump to return instruction
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Often & sub-programme which is ocompletely contained in the

short registers is ocalled in (sometimes with one instruotion
only). This is done as follows:

Place return instruction in 7

Jump to 6 (if necessary with other
funotional digits).

Programme returns here.

6 | Instruction
T | Return instruction

The property of returning +wo instructions later on is
very useful here.

This latter property is less desirable for nommal sub-pro-
grammes, Hexice it i3 better to adopt the convention that as a

Tule z2ll sub--programmes will return on the mnext instruction
(p + 1). The mub-programme then runs as follows:

Neutralize

Take in return instruction &+ (~t)
into C.

A stop dinstruction as suoh is unknown in the ZEBRA code, It
may be replaced by using the so-called loop-stop: (100) = X100,
When the machine comes to 100 the control continuously takes the
next instruetion f£rom 100, It 13 a drawhack that the programms
cannot lesve +this point of its own accord.

For +the following method of stopping the selection switch
T is used.

Conditional loop-stop

The selection 'mwh 7T has been matsrialized as a kay
having a mnormelly olosed contaot, whioh is opened when being
pressed. The following takes place in . the registers:

C D .4

- X100

- X100KE4UT | X402 |

X100KE4UT_| X102KB4UT | X102

X100KE4UT | X102Ke4U7 | 'X102KB4U7 | Now e.g. K37 is pressed
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C D 4
X102KEAU7 | X102KEAUT | X102KB4U7 X{O0KE4UT = A = AO 1!
X102KE4UT | X102KEAUT Also X102KE4UT = A  until
Xp " X104KE4UT KS7 is released.

(p) Xp + 2 *
etoc,. |

When XS7 48 being pressed nothing happens, but when +he
key is releassed, the programme resumes its normal action. This
procedure has the advantage that the machine, after having been
gtarted, can immediately stop agazin. When KST is kept depressed,
the machine may skip a stop inatruction of the before-mentioned

tyve.

In order +o make +he machine start at a predetermined
point, another key has been provided which clears . Now X000 is
executed (on purpose the instruction which completely oconsists
of zeros has been chosen here). Normally at 000 a stop inatruoct-

ion XO00KE4UT may be found.

2,54 The use of the test instructions

A test ocan oocour with +two types of operationa:; with X-
operations and with A-operations,

With a testing A-operation adding or storing +skes place
dependent on the tested ecriterion. Frequently in the courase of a»
programme bifurcations occur. In that case the test ias attached
to an X~operation, which either Jjumps or continues on +the in-
struction 2 registers further on.

100 | X200V1 _ Jump to 200 if (A)< O
101
102 } eto, Ctherwise go to 102

It is very important that on 200 first the special Junp
X200Vt 1la neutralized by another jump, as otherwise the next
instruction would be taken in by X202V1, etc. Testing would then
take place continuocusly on the intermediate Jjumps. When +the pro-
gramme is beginning on 200 with N.....; the former Jump is auto-
matically neutralized, |

A few special applications of testing instructions are:
100 | ATC2V1 Form modulus of (A)

and .
100 | ATBC3V2Z  Porm modulus of (B)



— 63 -
5 & Possibilities of the code

2,61 petltion of an instruction

In ZEBRA there is a possibility to repeat an instruction
'which is located in a shori register, a number of times (maximum
4096 times). In general this is performed in the following way:

(The examples given below all begin et 100. This is, howsver,
only arbitrary.)

Place return instruction in 7
Jump t0 6 and repeéat p times

6 | instruotion to be repested
return instruction

Here p is the number of times that the inatruction must be
repeated. The instruction on 100 placss the return instruoction
on T, and then continues on 101. Here is to be found: jump to 6,
while the drum address is 8192 - 2p which, as an address, has
no effect. If necessary, other funotional digits may DbVe
added. The drum address in the X-instruotion is augmented by 2
each time when it l1a transported from € to D; hence after p
times the drum address is egqual to 8192. But this is exactly one
unit of the short address, whioch consequently directa the ma-
chine to the next short addreas. Here the return instruction has
heen placed, 8o that the repetition of the instruction is ter-
minsted. It 18 not neocessary to use 6 and 7 for the repetitiong
3 and 4 may alsc be used. The repetition Jjump need not be in 101
either; it may be placed in any arbitrary place., It is also
possible +o repea¥ <the calling in of a sub-programme, The in-
atruction to he repeated may read as follows: InKim. In
prineiple any number of instructions from the drum can be re-
peated with this +‘riock.

2.62 The pre-~instruction

It often bappens that a constant must be placed in a short
register while effecting an N-operation., This can be done aa

followss:
100 | NES Store in 5
101 | AC102 (102)—> A. X103E5 goes to D 1
402 | constant | '
103 | Neew This 4nstruction is taken in with
104 | ete. X103E5, which effects the storing in 5.

In this example the storing is attached to the X-operation.
A8 +his X-instruotion i1s always ciroulating between C and D,
the storing is also effected after taking in the constant.

In general much attention must be paid to the use of an
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A-instruction after a special X-instruction.

In all examples the programme is always assumed <+o begin
with a normal jump. This can always be done by an ¥ on the last

ingtruction.

2.63 Multiplication

‘The multiplication of +two numbers with aign is done ac-
cording to a system devised by VON NEUMANN. The multiplicand is
put into short ragister 15. The multiplier is put into 3, and 4
is eleared. Dependent upon the extreme right-hand digit of B,
the contents of 15 ars either or not added into A. Then a shify
to +the right takes place. B thereby lomes a digit on the right.
hand side, but receives a digit of the tail of the product on
the lefi-hand side., {This digit 3is not altered any more in
subsequent action.) In B +the multiplier disappears gradually,
while the tail is shifting into B. The head remains in A,

¥ith +the IR-facllity the nucleus of the multiplication
runs a8 follows:
100 | RKLRCES ' Place return instruction in 5

Repeat (4) 15 times (X4KIR is done 16
times)

Treat last digit negatively
4 | ALR
15 | Multiplicand

According +to the complement representation for numbers the last
diglt of the multiplier must be treated negatively. For example:

a % (- §) = a x1.011 = a x (1,000 + 0,011) = a x (- 1 + )

The exeocution +time is 11 ms. ALR has t0 be placed in 4 in
advance. but this can be done once for all when many multiplicat-
ions must be done (e.g. in power series etc.).

A simpler way for multiplication is +the wuse of a sub-
PIOLTANNE .

An example of a general sub-programme for multiplication
will be given here., When called in with X100KE4Q it determines
(A).(B) in doudble length, head in A, tail in B, When called in
with X101EB4Q it determines (A).(B) rounded off in A. B contains
tail + 4. Suppese that at the beginning: (A) = a, (B) = b .

Pre-instr. (B) = b + &. Plant carry O

- 101 | NERV No carry
100 -»102 | A103CE15QT a-»15. Plant carry =« 1. Restors (B) = b
51103 _ALR ALR""‘*S Wi'bh Prﬁﬂinﬂtm&tiﬂﬂi v ﬁ.&‘ti‘iﬁ'a

but harmleas
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Place return instruction. Clear A
Repetition for multiplication.

Vs if present, adds round-off on
penultimate cycle.

Last cycle negatively., Return to main
programme.,

Constant for deoreasing return instr.
by €.

¥hen a multipllication must be done with a constant faoctor,
it can be done faster than the general multiplication programme,
wben +the oconstant factor has less than 33 digzits. Suppose that
(5) must be mltiplied by 0.1011. A and B are ocleared at the

beginning.
100 | N5 Form (5) x 1.0
101 | NR5 Porm (5) x 1.1
102 | NR Form (5) x 0.1%
103 | NRS Form (5) x 1,011
104 { NR Form (5) x 0.1011

¥ith +this example +the method las been elucidsted auf-
ficiently. Head and tail of the product are available. The time
of operatlion can be much less than 10 ms.

The same method can bDe applied for rultiplying from left
to right, 8.2 (5) X 101101 & 1

100 | NBC5S Form (5) x 1¢

101 | FL Form (5) x 10¢&

102 | N1BS Form (5) x 101¢

103 | N1BSV Form (5) x 1011e

104 | NLBV Form (5) x 10110¢
105 | NILBSY Form (5) x 101101¢
106 | ...V Y for lamst carry-over

2,64 The division

Diviaion is +the inversme operation of the multiplication.
Hence it must be possible 10 divide s double-length dividend by
a single~length divisoxr $o0 obtaln a single-~-length quotient and a
single~length remainder. The system that has bheen used, is the
restoring division. Only +the case of division of non-negative
numbers is of importance., According +to VON NEUMANN the double-
length dividend will be put into A and B (head in A, tail
without sign of its own). The divisor will be put into 15. After
the subtradtion of the divisor in A it can be tested from the
sigm whether the subitraction was possible or not., The diglt of
the quotient may then be placed in the last (non-occcupied) place
of B; if necessary the divisor is again added if the subiraction
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was not possible. Ultimately A and B together are shifted one
place to the left. From B a fresh digit 1s shifted to A, while
in B & place 1ia available to take the next digit of the quo~
tient. At the end of the operation the remainder is in A and the

quotient in B, -

In order to programme the afore-mentioned process it will

be aplit up into two paris:
a. Shifting and subtraction of the divisor.
b. If necessary, noting down the digit of the quotient and the

addition of the divisor.

The operation a takes place in any case, the operation
b, however, depends on the sign of (A) after the aubtraction.
1f (A) becomes negative, the subtraction must be annibilated,
whilst no digit of the quotient is added. If (A) remains
positive, the subtraction should not be annihilated, whilst &
1 should bs added to +the quotient., This difficulty can be
avoided by adding +the negative of the divisor and at the same
time adding a 1 during period a., During period b both the
subtraction and the addition of a 1 in the guotient are either

or not annihilated. .

As the +teating is always performed on +the signs, the
dividend and divisor should be made poasitive beforehand and the
sign of +the quotient should be <taken care of afterwards. A
slight advantage is that, as the quotient 1is always positive,
+he first subtraction has to take place In no case.

The mucleus of the division is performed as follows:

(A) = bead of the dividend with sign (= 0)

(B) = tail of the dividend without sign, directly following the '
= O |

head. b32
(15) = - divisoxr

Place return instruction in 7

Shift, subtract divisor and add a 1 to
the aquotient. Repeat instruction on 6
31 times.

The last operation of the repetition is
ghifting. Hencse +the 3}2nd restoration
migt s8till be performed.

AQT15V1

returmn instruction
15 | divisor

When fractions are divided a rounded off quotient is mostiy
desired. This rounding cannot be performed by adding & to the
quotient, as <+the quotient is only of single length., Hence <he
rounding is effected by augmenting the tail of the dividend by
% x (divisor). Por this purpose it is, however, not nscessary
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to form half of the divisor. As the +tail has no separate sigm

digit,

the s8ign digit of the divisor effects the right spacing

betwesen the tall and the head of the dividend.

The general division programme for (A)/(B),

rounded off to

A and B is r»unning as follows:

100
101
102
101-+103
104
105
"106
107
"108
109
110
111

110—>112
113
6 —114
115

116 ¢

ny47

The
programme

Yhen
done mos+t

When

it can he

NIBC3
X1031C2vV2

A106CETR

AQI15V1
A108CESLG
A114X15
RCT

X5K 321, ¥

NRQB23
NC3

-t

S3et borrow = 1, NIBC3 can act two times
Form —{b| and complement a accordingly

Store ~|bl— 15
Pre--instruction
R on 105 and 1LQ on 107 sre
3z = 1

AQIIS5V1 — 5

X114115— 6 as a return inatruciion

8 -~ &> A. —& serves as head for —&|b|¢
in tail

First cycle of division. In Ffact:

a.-a-'b-é'bi ‘_1*(1_%{

b

Repetition for division. Doss one oycle
to much. X114I15 and R on 114 corrects
for this.

Form (1 + q — 2€) + (1 ¢+ 8&8) = ¢ + &Cn
rounded quotient. (23) = ~{23) 1!
Placs quotient in B oo

Return t0 main programme

a —-§&-—» A

8 =58> 7,
getting D

$ime for the aoctual division is 22 ma. The complete
has an average operation time of 36 na.

a number has to be shifted to the right this can be
quickly with a number of NR-instruotions.

shifting over a large number of places is necessary,
effected better in the following way:

102

N or NR

Plaoce ra;hu:m ingtruction
Repeat the shift instruction p times,

return instruction

Diring +the repetition shifting 1is effected over 2p ¢ 1
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places, When the required number of places is even, an NR can bse
added. The time is 10 ms. ‘

In the afore wmentioned examples A and B always shift
together. When only A bas to bhe shifted,this can be done by
means of NRBE3 or ARBC3., B then receives no carry-over digits
from A, In +the same way B alone can be shifted by NRC2 or by
ARCZ2. B is now supplemented with zeros,

The shifting over &a number of placea, which number is
itself a result of a previous calculation, 1is effected as
followa:

2 | number to be shifted
31~ (number of times)
4 | return instruction
5 | AQRBC)
FPlace return instruction in 4
Repeat the lInstruction in 5 and test

Programme comes back here directly when

(3) =0

Ags the actlon haz ocertaln peculiarities a diagram of the
action in A, B, C and D is given:

A B 0 D 4
a -28 X100 _
X101KE4 _| X102 .
XK5V2 " X103KE4 %102
AQRBC3 AE5V2
a |  -18 | Xxk5v2 [ X102
AQRBC3 | XK5V2
%3, +0 AK5V2 = A | X102
X102
atoc,

Vhen B becomes positive, XK5V2 is no longer executed, but
instead A (= AO) is executed, Then X102 comes intc € and the
programme returns. This will be called a testing repetition. For
such a testing repetition the return inatruction must be placed
in 4.

The methods available for shifting to the left are
analogous +0 +those for shifting to the right. Only LE must be
dealt with carefully.
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The s=ame method used with R, for shifting only one of
the accumulators, oan be used with L. However, it 1ias better
and easier <+to use N2 or ¥WB3, viz. add A (B respectively) to
itself.

2.66 Normalization

Normalization is the shifting of a number to the left until
it lies Dbetween ¥ and 1, +together with +the counting of the
number of places shifted. This operation is dimpoxrtant with
regard to floating point arithmetiec.

Suppose that the negative number a is in A.

Placa return instruction in 4 and O —B
Repeat AQ2 (shift A, count in B) until
the test tells that the first gzerc in

A has come in a,

return inatruction
5 | AQ2

The time is 10 ms or 20 ms. The same programme oan also
serve to search the lefimeost 1 in a number, Insteand of a normal
count a shift ocount 18 then held in B by beginning with &€ in B
and making a double-length shift by (5) = AL

2,67 Automatically variable instruotions

With ZEBRA it is possaible to operate with instructionsa
whioch, although they are fixed in the store, yet are modified in
the address with &a variable oount bhefore they are sxecuted,.
Suppose that the number must be taken in from register 300 + k.

100 | KKb6 Take in AC300 &+ kK7 —»C
101 | AC300QKT Execute the operation and fornm
102 X103 in ©C
103 | eto.,.
6tk
T | - X000K6
The aotion diagram is:
A ¢ D
* X100 _
X101K6 X102

AC3004kK7 | X103K6
(300 + ) | X103 - | (7) is added to ©
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Tt often happens that a number must be looked up in a small
table., This is e.g. the case with recoding. Suppose that the
digits O - 9 must be recoded. De the diglit k; then the recodsd
digit is denoted by f(k). With +the application of +the afore
mentioned method for looking up, & complete reéevolution would he
needed. However, by doing it in the following way it can he
ef fected with a minimum of access—time, Suppose (A) = k '

100 | NK2 Take in AC1024k¥6 —»C X103K2 ~= ]
101 | AC102K6 Pake in £(k)

102 | £(0) X103K2 - X000K2 + X009 = X112 —= (
103 | £(1)

104 | £(2) (6) = - XO00K2 & X009
105 | £(3)

106 | £{4)

107 | £(5) Function table

108 | £(6)

109 | £(7)

110 | £(8)

111 | £(9)

112 | ete. Programme resumes its sotion here.

The +4ime for looking up 1a always egqual to the length of
the 1ist. In some cases this process can be speseded up consider-
ably by placing 32k in A, With this trick ths table is spread
out horizontally on 102 + 32k. 411 f(k) oan be reached in the
shortest possible +time. This 1is oalled a horizontal list or

ladder.

It ofton happens +that a jump to a variable place must be
executed. This can be effected as follows:

The Jump instruction which is {aken in,
neutralizes +the speclal Jjump FK2, so
that no special constant in 6 is=s
needed

Becomes X102 + k

This ladder of Jjumps can alao he spread out horizontally,

The execution of variable insitrmuctions which arses dependent
~ upon two ocounts ocan be effected with the following programme: |
Suppose that we want to look up a number in 300 &+ k # 1 S
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100 | Ne4
Form k + 1 in A

101 | N5
102 | K2
103 ﬁC}GGKé Bxecute variable instruction
104
105 | eto. 4l x

511

6 | - XO0QK2

The only time which plays a r8le in these variasble ine

structions 1s the access time for an arbitrary number. All other
instructions are optimum.

2,68 Block transport

Data can din a simple manner bhe quickly transported from
the drum to the short store and vice versa. The locations on the

drum must be placed on k, kX + 2, k » 4, etec. With a wview +to
executing every second instruction this must be ocalled the
"normal" placing.

A programme which transports 5 numbers fromm, m ¢+ 2,
m+ 4, m+ 6, and m+ 8 to 6, 7, 8, 9, and 10 runs as followss

100 | NC5 (5)—A

101 | ABC102
"102 | X002.1

103 | AB1C4CE15 X002.1—>15
1104 | AmCE5 AmCES —> B

10% | NKIB4 Place return instruction
X3K6BD Repeat (3) 6 times and advance it
evexry time

4 —> 107 etc.

As this programme uses the XD-facility, an action diagram will

be given.
A B C D
X100
X10108
(5) ABC102 X103C5
X002, 1 X103¢5 _
AB104CE15 | X105C5 X002, 1~>15
AmCES X105C5 -

X106KE4 " X107C5
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A B c D
(5) AnCES | X3K6BD | X10705 —=4
Am+2CE6 AmCES X3K5BD
(m) X3K5BD | (5)—5
Ams4CET | Ame2CE6 | X3K4BD
(me.2) X3K4BD (m) —6
Ams6CES | Ame4CET X3X3BD
 (med) | x3x3mp 2 (m42) — 7
Ams+BCES "Am+6CEB X3K2BD
(me6) X3K2Bp | (med) — 8
Ams10CE10 |“Ams8CE9 { X3K1BD |
(me8) X3K1BD | (me6) ~—9
Ams12CB41 | Ams10CE10 | X4KBD
{m+10) . X4xep (m+8) —= 10
X107C5
(5) etc.

Once m has been reached, all following Instruotions are just in
the right places.

A meocond way of doing block transpoxrt 1is by astretched opro- -
gramme, A fine example iIs the following sub-programme of one
trackful of instxnctions (inecluding working registera) to
transport the contents of all the ahort storage looations to
the drum and back with the same set of instructionst

It is called in with: NC4

X100KB4BC
+$0 tranaport from short store to drum. It 13 called in with:
X100KB15BCQ
to transport back from drum 4o short stora,
S3 —»DS DS = 33
100 | NX3 (B) =0 (&) = (4)] (B) = 1 |
101 | AIBC101V4 Test fails Aots as ATBC102!
"4102 | X000E2 (B) = atill © . 1 (B) = ~XO000E2 < O
103 | AD104C5 (4) — 104 AD10405-X000E2 =
A104CE3
{104 | (104) — 4
105 | AD106C6 (%) —» 106 A106CE4 —= C
(106 (104) —» 4
107 | AD108CT (6) — 108 (106) — 5

{108
109 | AD110C8B (7) - 110 (108) —» &
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(110
111 | AD112C9 (8) — 112 {110)— T
(112 |
113 | AD114C10 (9) — 114 (112)—=8
(114
115 | AD116C11 (10)— 116 (114) =9
(116
117 | AD118C12 (11)— 118 (116) — 10
(118
119 | AD120013 (12) — 120 (118) — 11

(120
121 | AD122C14 (13) — 122 (120) —» 12
(122
123 | AD124C15 (14)— 124 (122) —13
(124
125 | AD126C16 (15) —» 126 (124) —14
(126 (126) — A
127 | NBCEATV2 _ Test fails NBO15V2: (15)—> B
128 | X130E1 (126) —=15

127 129 | NB4 Return instr.—»B
128 130 | NX Return {0 main programme

131 | =1

Thig programme can be used to extend the usefulness of the
short atore. The drum acts as a backing store., When called in
from 99 ¢ 32k, the operation time is only 10 ms.

2.69 The adding of the contents of consecutive registers

Vith the +rick mentioned in 2.68 of placing an instruction
in B, the contents of a large number of consecutive registera
can be added very quickly. For example: sadd 2all registers from
200 to 300:

100 | ABC101 }

"101 | AQ200 Place AQ200 in B

102 | NKB4C Place reifurn instruction

AL Exscute AQ20042k 51 times. k=0(2)100
4 —=x 104 | ABC105

105 AQEO;! The same for the, reglasters having odd

106 | NKB4 numbers ' |

107 1 XK3Q50



sl

- T4 -

With +the exception of <the access time for +the firat
register, this programme is completely wlthout waliting times,
¥ith +this programme a check oan be very quickly made on a pro-
gremme whioch is put in by the input programme by summing up all
the registers put in. It is pomsible to add to every programme
s check number in such a way, that the sum 1is eXaoctly O. This
gives g very quick and relishle check on the input.

The duality between A and x-azeratiana

It has been shown that programmes only consisting of adding
jumps are very practical. It is, however, also possible to make
programmes only oconsisting of Jjumpling additions. '

In +the first place it is possible to have two A-instruct-
ions din succession, An example will be shown of the manner in
which a number opair may be taken in from m and m ¢+ {1, without
waiting time for the second component. (B) = m

100 | ¥E5 Pre-instruotion

101 | A102G3 ABCm+1K1 - X107K3 —A

102 | ABCOO1K1-X107TK3 Store this in 5

103 | BKE4 Store return instructlion 11051'15 in 4
104 | BK3 Take ACmKS5 into C

105 | ACCOOKS Next, ABCm+1K1 1s coming to ¢

106 | etc,

The aotion dlagram is:

A B c D
m X100
X101E5
| A10203 _X103ES5
ABCm+ 1K1~ X103E5 . ABCm+1K1-X107K3.
X107K3 X104KB4 | X105ES | —*D
X105K3 X105E5 —» 4
ACMKS’ X107K3
(m) 7 | ABCms 1K1 7| X105E5 (4) —»D
| (mas1) X1068B5 ° X1 addas 1 %o C
ete.

Here the interruption of <the alternation X-instruotion e
A-Instruction plays an aoctive »8le. |

The use of a repeated A-instruction without intermediste

Jumpa will be demonstrated in the next programme, which is in-

tended to clear the stors from 3I2 onward,
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32 | BCE4 Clear 4 and A on second action
33 | ABC34

34 | ACD33K3Q - X39CE4

35 | AB36CES ~ (34)—5

*36 | ACD34K3Q (36)— B

37 1 ACD32K5 Clear 32 and start programme

The acition 18

A B C D
X33CE4
0 ABC34 X35CE4
(34) X35084 0—4

AB36CES X37CE4
ACD34K3R | X37cE4 X[
ACD32KS X39CE4

ACD3IIK3IQ O QO —32
ACD35K3Q | ACD3I4K3Q 0 —33
ACD36K3Q ACD35K3Q 0 —» 34
ACD3TE3Q ' ACD36K3Q 0 —=35
| 4
ACDOOOK4Q _[*ACDB191K3Q 0 — 8191
ACDOOOK4Q “ ,
X000 | Stop on 000

This +type of process is double as qulck &8 a normal repetition
instretion, but it can only run to the end of the store,.

By having our instruction AmK3iQ 3in 3B, the sum of all
registeras in the atore can be formed, By atfaching a test Vi, it
is possible to end the repetition of AmK3QVi. This is useful for
a ladder teat in which a quantity is sorted according to cerialn
- group boundaries sitored in oonseoutive reglsters. As soon as the
test fails, the repetition stops by taking (4) as the next in-
struction. The last contents of B give indication, where the
repetition stopped.

It is cleaxr from what has been sald, that there exists a
~ocomplete  duality between an adding jump and a Jumping additlon.
On an sadding jump the drum store is used in +the c¢ontrol, the
short store is used for the arithmetic unit, and (C)-+D. On a
Jumping addition the short store is used for the oontrol, +the
drum store is wused for the arithmetic unit, and (D)—=C. There
exist programmes, consisting of X-~inatructions only, as well as
of A-inatructions only.



2.8 Input and output

2.81 The input

The +taking in of data is performed by means of normal
teletype tape, This is read by the aid of a Ferranti optical

tape reader, reading 200 symbols a second. Every symbol consists
of 5 holea, In order %o simplify the technical devices as far as

poasible, the % holes of the tape are read separately and are

combined by means of a programme. The registers 26 tae 30 serve
this purpose., When these registers are read, they indioate a

number consisting of zeros if the relevant hole in the tape is
absent, and they yield a numbexr consisting of ones (~€) when the

hole is present.

(26) = 5th hole of the tape.
(27) = 4th hole of the tape.
(28) = 3rd hole of the tape.
{29) = 2nd hole of the tape.
(30) = 18t hole of the tape.

A symbol may be read by means of the following programme:

100 | NIBC26 Read O or +& if 5th hole is O or 1

101 | NLIB27 E::gn::it::-la and add it to the shifted
102 | FLIB28 Read 3rd hole

103 | NLIB29 Read 2nd hole

104 | NLIB3O Read 18t hole

105 | N31 Step the tape

The transport of the tape to the next symbol 4is performed
by selecting register 31. For this stepping at least 5 mms are

116088BaTY.

It is obvious that itwo symbols per revolution can bhe read.

The testing of input indications if any can bs done within the

remaining 12 operations., In this way purely binary tapes can be

real at a speed of 25 words per second. Cne word contains 33

bita. 7 symbols of 5 bite would be sufficient. Two more bits

- are then avallable for special markings, Hence in TO ms 14
symbela {(equal to 2 wordas) may be read. These 2 words must then

::}c at:nmd, which takes 11.25 ms, In about B0 mm 2 words can be

en in. |

For +the ‘I:alcingk in of instructions in the normal form of. .
the input programme 2.83. | |

2,82 The output

+  For the printing of results a normal teletypewriter is
available in the first place., This typewriter is controlisd by =
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#ignal in the T-unit code, The printing of a symbol is startsd
by 20 ms low voltage, +then 5 periods of 20 ms each follow
forming the symbol <o be printed, snd finally the printer is
stopped by a 30 me high voltage signal, The code of the 5-aymbol
units has rothling to do with the dbinary system as such,

The recorxrding and the time division necessary for typing a
symbol 1is completely effected by the programme. The machine con-
tains only one communicatlon channel +o the teletypewriter
via register 25. Vhen 25 is selected, the teletype signal is
made egual %o the sign digit of A. Furthermore (25) = (A). The
use of thias register will be elucidated by some examples.

The printing of a frastion consiats of repeated multi-
plications by a factor 10, typing the head and retaining the
tail for +the next multiplication. To this purpose a sub-pro-
gramme hes been made, multiplying a given number hy 10 and

typing one digit.

This programme Iis ocalled in as many times as there are
digits to be typed. Another sub-programme determines and +types
out the s8ign of the number under consideration and forms iis
modulius. Other programmes, which will not dbe glven here, make it
poasible to type other symbols such as apace, oarriage rsturn,

etc,

An important problem in <these type of programmes 1s the
exact timing. It is necessary that independent of +the place

where the digit +typlng programme is called in, the Ltyping is
affected at the aoccurate speed and without losing time. Thia ia

offected in the following way. The digit typing programme begins
and ends: |

Parform the necessary inatiuctions
Jump to return instruction

Constant for return instruction

Assume +this oprogramme +to bYe called in from 162, then
further from 163 and finally from 164. The calling in and the
return are in. 8 favourable or an unfavourable situnation acc-

cording to the following scheme:

calling in return

unfavouradble
favourable

favourable
163 favourable

164

| nﬁfé.vourabla favourable

| In one oase only the returning and the calling in are in a
favourable position. The time elapsed between the processes of
two sub-programmes oalled in consecutively, is now always oom-
posed of the returning from the former process and the oalling
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| in of the next process. From the table 1%t is ¢leaxr that this is
always favourable + unfavourable 10 ma, hence always an equal
time. The deconversion and typing programme runs as follows:

On entering the programme, 3B contains the number %o be

typed out (waitive). Vhen returning, one digit has been Typed
out, and +the residue is to be found in 3. The programme lia

called in with X100KE4C. The contents of 5 are wmade 4102.25% Dby
the sign programme,

100 |. NLBE6 Store (B) in 6. Form 2(B)
101 § ACEZ5 Clear A. Set teletype signsl low
102 | +0 Const. LBE6 still sctive: 2(B)—6
103 | NLB6 Porm ‘e”f§§ + 2(B) = 10(B) = (B)"
104 | NLBY ‘ Shift and put carry to O. Foxm 2(3B)°’
105 | A106CEER Store digit ta:; he tyvned in 6, Form (B)'
1106 | X009-XO00K6R LBV still active. Form 2(B)' and 2(106)
107 | NX6R Form (B)' and (108) in A
108 | AC109K2 Execute AC109+dK2. Neutrallze XK6R
109 { £(0)
110 £(1) Table of teletype squivalents of digits
111 | £(2) 0O -9
112 | £(3)
113 £(4) For example:
114 | £(5)
1151 £(6) £(6) 30.3392 1100 11 ) etc .
116 | £(7) start 1 O 1 0 1 stop
117 | £(8) |
118 | £(9) |
119 NKE6 Store return instr. to 121 in 6

120 | X5K1 Repeat A4102.25. Thia is executed once
L == per 10O ms owing to  the harmless
121 | X131K4 constant in 102. ’ |
) . Return, Placing of —-¢& takes care of
exact timing

i
1q 51 " (5) = 4102.25 placed by sign programms

By the repea.t;d exacution of A4102.25 the teletype aignal is
each ‘time made equal to a , and moreover 4 is shifted, so that
all consecoutive digits come {to the place a,. The following pro-

| .‘,fo_m Q

grmme(Bﬁreceé,e~ the typing out of digita: type aign of (B) and

132 | NEs Pre-instruction

_ - The moment of preparation of at a:c"b
1‘3 3 | A1340E25 coincides with 101
i34 | A10Z2.25 A102,25 —§
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135| N Neutralize
136| Npexvz_ Fomm |(2)
137 ] X141 If (B)<0: jump to 141
135-—+=138 1 40139 If (B) >0
w1391 £(s) Take teletype equivalent of +
140 ] X116 Type symbol
136-—*14 AC142 Take teletype equivalent of -
n142| £(-)
1431 X116 Type symbol

It is envisaged to conneot also a high speed punch to the
machine, Teletypse Ine, supplies punches which are able to punoh
60 symbols a second and which may be used on 50 symbols per
second here, For this punoch the separate holes of +the aymbol
should be set by writing in 26 to 30s

Write in 26: set S5th hole equal to a
Write Iin 27: set 4th hole equal to a
Write in 28: set 3Ird hole equal to a
VWrite in 29: set 2nd bole equal to &
Write in 30: set 1at hole equal to &,

Writing in register 31 +takes ocare of the punching. The
punching of a symbol that is leftmost in A 1ls executed by:

C O O

o

100 | N1LE26°

101 | NLE27 |
102 | NLE28 Set the 5 holes
103 | NLE29 |

104 | NLE30

105 | NE31 Fanch symbol

This operation may only take place once per 20 ms.

2.83 The input programme

YWhen the atare of the machine is ocompletely cleared, the
‘machine is not able to takse in programmes. For this purpose an
input programme 1is neceasary. The siructure of the input pro-
gramme determines the conveniion underlying the notation. To a

-cortain extent ' +the programmer iz free in choosing hies own con.
ventionsa, ‘

The notation followed up to here is an attempt to make the
notation of the instructions as aimple as poasible, The input
programme can test from the number of diglts whether the addreas
: is a drum address or a short address, and dependent on the
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order of the addresses a wait digit can be added. The abbreviat-.
ion N for Xps+1 also saves much writing and punching.

In this thesis use has already been made of the code as it
will be read Dby the input programme, However, a few important
points are missing:

1. The input indications whiob tell the machine where to put in
programmes intc the machine.

2e The input of numdbers.

3. The use of parameters +o0o make +the relative input of pro-
grammes poasible which is necessary to make +he tapes for
-sub-programmes general with respect +to <+the place where
they are coming in the store.

The most dmportant demand %o be made on the code is the
necessity that the machine must have a c¢lear coriterion in-
dicating what must. happen (for example the end mark of am in-
struction). This is done by dividing the symbols into opening
symbols and supplementary symbols,., Only X, Ay, Ny &, -, and T are
cpening symbols, all othexr symbols are supplementary ones. The
opening symbols also plsy the r8le of end symbol of the former
ingtruction. Hence "nothing" must also be denoted by "something"
(viz. X). The separation of both addresses must be marked too.

When apart from X; A or N no further supplementary symbols are
present, this separation must be done bys On the number of

digits +the input programme can test whether it haa to do with a
drum address or with a short address and also which address
comes first. |

in order to begin the input in a ceriain place, input in-
dications are necessary. Two kinds are possible:
a. Bogin putting in at ...
b Start executing at «..

These actions will be denoted bdy the symbols Y and Z.
Thease symbols will be called the input indication symbols., They
are attached %o a normal instruction.

The astoring on +the drum of instructions taken in con-
secutively is. done in azcending ordsr., With the input indiocation
pY, the atore instruction. 1ia replaced by the instruction p.
Normally +this replacing is done with an instruction ADn. Henoce:

ADnY: begin input at n

It is also poasible +0 replace the store instruction by
other kinds of instructionsy e.g. by Xn., In this way we could
leave the input programme. The disadvantage of this method is
that the indication where the last instruction has been put in
iz Jlost. As it is an advantage that the store instruction is
retained, an independent method to leave the input progrsmme is
used. -

Yhen a 2 1s attached +to an instruction, the action of
pZ 1s: exeocute the insiruction p and proceed with input. In this
way the inpnt programme can be left with XnZ. But often it is
ugeful to offect other instructions, e.g.: g SR
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inZ: add (n) %o the sccumulator and proceed with input.

However, thias is not possible in the real accumulator, as A is
in uge for +the Iinput Iitself. Hence such a Z-instruction is
executed in the following way:

n | AC4 Take in (4)
(nd'z s es e Exfaauta tha Z’—ingtmﬂtiﬂﬂ
n+4 | 8B4 Store result in 4

Register 4 acts as a phantom accumulator., It is olear that
only instructions without B are admitted for having a 2 attach-
ed.

Example of a programme on ths tape:

& & & & ®

L IR I 3

AC200%
ATZ Place (200) + (7)—8
AESZ without interrupting further input

L I ¢ oW

| N L R B

The symbols Y and 2 have a sscond important function. They
gerve a8 a speclal end symbol, After Z the instruction i1is de-~
finitely o¢losed, while &all normal instructions are ended by the
opening symbol of the next instruction. When the tape 13 ended
with AZ +the following parie may begin with blanks on the tapB.
The O (= blank) is no opening aymbol and as the former instruct-
jon has been ended, it can be no normal supplementary symbol.
So sach of the supplementary symbola c¢an be used as a special
opening symbol. With a special opening symbol O blank tape can
be skipped. The condition in which the machine oomes when
started on 000 is the same as after Y or Z. The other special
opening symhols are astill free.

During input any special operation can bhe effecied by
means of XnZ by Jjumping to +the relevant part exeouting +this
special aection. This programme can return by itaelfl to the input

programmeé and resume input.

The tape oan be stopped by glving XZ. The action 1iss
Execute X. ?O) = X000t jump to 000. (000) = XOOUKE4UT: stop.

The input of numbers ocan be effected most easily with a
code which resembles the normal writing of numbers as much aB
postgsihle, Therefore: .

Integers: e.g. +345 Maximum 9 digits. Zeros at the lef%

may be deleted. The point is on the right.

Fractions: e.g. =.345 or -0.345 Maximm 3§ digits.
Plus sand minus are the opening symbols here and . is a special
supplementary saymbol +to prepare the conversion from integer %o

fraciticon.
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| The opening symbol T is used for floating addressea and
will not be discuased further.

2.84 Parameters

A very important facility of the input programme is the
posgibility to modify instructions during the input, e.g. to
make programmes independent of the place where they are entering
+he store. For this purpose it is neocessary that one or more

parameters can he attached to each instruction.

Parameters are alwayse oonsidered +to Dbelong to drum ad-
dresses., Therefore they alway® have to be written directly
before the drum address, This must be done in the following way:

pPha

wﬁere p is the number of +the parameter, F denotes that p
is =2 parameter number and & is the drum addxesa +that ocan De

written in this oase with fewer than 3 digits.

The significance 18:
pPa = a ¢+ (D)

p can be & short address or a drum address, Thls is again nor-
mally indicated hy fewer or more than 2 digits. For example:

A8PL13 = AOOOL13 &+ (8)
X200P5RC15 = X005RC15 + (200)

The input programme is able to accept more than one pars-
meter in a word, In +this case these parametexrs are oumulative.

The significance 1is:
pPqPr = ((p) + @) & r

With +tbhis artiflice a set of parameters bvelonging to a sub-pro-
gramme can be written in the sub-programme Iitself, Only one
parameter 18 needed +to tell where the programme dbegins, and
where the other parameters are placed. |

As it is always nécessary to use the P directly before the
drum address, no confusion can result between:

ASP6CT = ACO6CT + (5) and
X5K6PT = X5K{T + (6)}

‘where the drum address is in fact equal to 8192 - 2{7 + (6)}.

Addresses with a parameter can bhe looked upon as s wWhole’
and ocan be written before the margin as such. '

ADYPY Begin to put in at.9PO
OPO | NES N is auntomatically equal +o X9Pt
1 | A9P2C |

"2 | X8 Constant = (8)
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Jump %o sub-programme of which the
call-in combination is in 33.

Begin to execute at 9P0

The parameters mainly find an application in sub-pro-
grammes. The following organization can be very useful.

Every standard sub-programme has a number, for exasmple from
40 onward. The sub-programmes necsessary for a problem are ocon-
secutively fed into the machine and they are also written con-
secutively in the store, becauss svery programme marks ths end
of itself as the beginning of the next programme in 9. The pro-
gramme 100y, notes its own place in the register denoted by its
own number, For example programme 154:

AD154Y Put on 154 the instruction which must

154 | X9PKEB4 be used for c¢salling in 154. !
AD9PY Begin to put in programme on the regis-
OGP0 | =memme ter given by (9). The true address ocon-
| I JE— tained in (9) need not be known to the
2 | m—————— pIroOgTammer.,
eto,

This method has the advantage that it is not necessary for
the programmer to know on which address the return inatruction
mist be put (4this need not always be 4). In this manner the
calling in of programme 154 is done with X154P,

Poerhapas it seems a little wasteful to reserve a number of
registers exsclusively ~for +this dirsectory. These 1registers,
however, can be used as working reglsters lin the rest of the
programme, once the programme has been fed into the store.

2.85 The code on the tape

All saymbols used have a character on the tape. There are
32 possidble combinations:

Q10

itumefala

ot o Bow -
RN T VR R



117
818
919 |
10 | X Short stors for control
119 Qount, Quotient |
121, Decimal point
13| L Left shift
14 | R Right shift
1511 Inversion
16 | B Use B-acoumulator
| 171 C Clear
- 18] D Store in Drum
191 B Store in short register
201 T Floating addresses
211U Selecition switch
22 |V Test
23 | N Next instrudtion, Neutralisze
24| 4 - Add
2511 Jump
26] +
27 | -
281 Y Begin to put in on ...
291 2 Exaecute on ...
30: P Parameter

31 ]} erase Correotion

The last symbol ir very well sulited for correction because
it can be punched over all other symbols. After a correction the
whole word must be repeated.

2,86 The pre~input programme

When <the store of the machine is completely cleared, the
machine is not able to take in data from outside +the machine.
In order to dbring the normal input programme into the machine it
ia necessary <o put a minimum input programme into the machine

- with the manual keyboard. This minimum input programme is called
- the pre-input programme., It »uns as follows:

Repeat (5) 33 times
Double (4)
Read one bit from the tape
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{)ﬂ - X3K1 Jump to 3 and execute ﬂﬁe time
003 — 3 | AnD31 Store instruction., Step tape
(4 _ Return instruction XS5Km
00‘%3 y | X001KB4 Jump t0 001 and store return instr.

4 — 6 | Z000Q Jump to 000 and decrease store instr.

. 'When € is cleared by pushing the clear-button, the machine
sutomatically begins on 000, A jump to0 5 is executed and the
ingtruction found +here is repeated 33 times. On 5 there is an
instruction ocalling in a sub-programme Iin 001, 002, 003, 3, and
4., The sub-programme ls used to take in one bit of the tape at
a time, After 33 operation cycles a whole woxrd is bullt up.
Every partial result is stored with the instruction AnDd31 in n.

After +the contents of n have been completed, (6) returns to 00O

&t the same time subtracting 1 from the store instruction in 3.
In this way +the normal input programme can be put in in a re-
verse sequence, The programme ends its aotion, because, after
putting in 004, 003 is also destroyed. This is done in the
following way. On 004 half the word whioch has $o come on 003 is
put in, Then when the programme begins $to bulld up the contents
of 003 +this is effected Dy doubling the contents of 004 and
adding one digit. When 003 is passed after taking in this firs+t
digit, the contenta of 003 are also replaced by the word which
has to come to 003, On taking in the next diglt +he programme
jumps from O003. The normal input programme can olear away the
remainder of the pre~.input programme,

Int ergeting programmes

To make programming easy an interpreting programme has been
made Por interpreting a simple code ¥). The main difficulties in
programming are: -

a, Scaling, To ensure that 2ll numbers in a caloulation remain
in the range 1> a>» =1 sometimes requires a great program-
ming effort. To make scaling unnecessary +the system of
floating point operxration ies adopted,

b. Counting. Performing a o¢ycle a certain number of times t{o-
gether with changing instructions in the eyele according to
the ocount, is one of the most frequent oomponents of a pro-
gramme,

These two typébs of actions have been made exiremely eassy in ‘the

*) M, V. Wilkes, D. J. Theeler and S. Gill. The preparation of
programmes for an electronic digital computer, with a specisal
reference to the EDSAC, and the use of a library of sub-rou-
tines, Addlson-Wesley Press Inc,, Cambridge {Mass.s) 1951.

R. A. Brooker and D. J. Wheeler. Floating operations on the
EDSAC. Math. Tables Aids Comput., T(1953)37.

R. A. Brooker. An attempt to simplify coding for the Manchester
eleotronic computer. Brit. J. Appl. Fbys., 6?1955)307.
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gode of which the description will be given In paragraph 2,91,

It appears that the flexibility of the ZEBRA code can dbe
ugsed very effectively to make the Interpreting programme quick
and simple. A few average times are:

Jgumping and testings 13 ms
Transport of a number to and from the store: 20 ms

Addition: 35 ms
Maltiplication: 25 ms

Vhen we assume this time to average 30 ms, and suppose  the
average time of an instruction in = normal programme to be 6 ms,
the ratio of +ime between an interpreting programme and noxmal
programming is 5 : 1 , which is wvery favourable. Of gourse
standard sub-programmes can have a much better average time per
instruction because opitimum programming can be applied, but this
makes it diffiocult for the programmer.

In paragraph 2.92 a few representative parts of the inter-
preting programme will -be disocusaed.

2,91 The simple code

There ara two stores each having 1000 locationa, One store
is for numbers, ocne store is fFfor inptructions, A4Addresses in
the number store will be dencted by n, and addresses in the
ingtruction store by p.

The oontents of storage location n will be denoted by ng.
The arithmetioc unit contalins an accumulator A with contents (A),
and an auxiliary a.aoumu%ator B, All numbers are in floating
point representation a.10", where OC.1<{a|l1 and

~9999 < b +9999.

The instr™uotion code runs as follows:
Arithmetioc instructions:

An: (A) + (n)—A Add

Snt: (A) - (n)—A Subtract

Hn (n)— A& Take in

Tn s (A)~=n O0—=A Store and clear

Uns : (A)~>n Store without clear

Vv ang - (AY(n)—4 Maltiply

Nn: - {A)(n)—=A Negative multiply

Dns (1) /(n)—4a Divide ,_
En: (n)~—+3B Prepare accumulative multiply
Ynit (4) « (B)(n)—2 Acoumalative multiply .
Nnis {(A) -~ (B)(n)~—A Only on V or F immediately

following X



Control instructions:

A D s
Ept¢
Z g
42 p 3

+ D 3

L L

+R 2

Input and

Ln g
Pn:

Jump to p

Jump to p only if (A) > O, otherwime proceed normally
Stoyp |
Special instructions

Frepare count t0 p times. p = O is not allowed.

Count and if not ready, return to inatmdtian follow.
ing the associated &+ instruction

Can be attached to an instruction (except +, — and 2)

thereby making +the specifled address relative o the
count as far as it has gone (e.g. ARn = An + &)

Bring ocount of outer cyele In safety
Bring back the count of outex cyecle

output instructionss
Read a number from the tape and put it into n

Print (n) in floating form. Mantissa in 9 decimals,
exponent in 4 decimals

Non-slignificant 2zeros in addresses must always be Sup--

pressed. Addresses O must always be deleted.

The coding of numbers on the tape can be done in fixed

point forms e.g. +356 3 ~0,005778 3 +357.2056 .Non-significant
zoXros8 may be suppressed. The number of significant dJdecimals may
not exceed 9. -

Or the coding can he done in floating foxrm:

+356 coded as +«356B43
~() 1005778 ocoded as -1577BE—2
+357.2056 coded as +«357T2056E+3

But the following 1s also permitted:

I o S > T T - I - A - I I

1
2
3
4
5
6
2
10

:
2

:

+357.20%6 coded as +3.572056E42

Numbers ocan only be taken in by IL-instruotions.

The special Z-instructions are:

Stop

(A)— A
exp{A)— A -~
In(A) —» A -
sin(i)— A
cos{A) —= A
arotan(4i)— A

- Carriage return, line feed

log(i)— A
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Z 1131  arccos(d)—=A
Z 12 ainh(A}— 4
Z 13 ¢ cosh(A)}— 4
Z 14 3 arcosh(A) — A
Z 15 3 artanh(4i)— 4
Z 16 3 10.(A)— A
Z 17 s 1/10.{(A)— A

Input of instructions is done by feeding in a tape on which
the dinstructions 1o be exescuted are punched. This tape must be
preceded by an Iinput indioation Y p which signifies: begin o
put. in from p onward. p can be zero; then the tape just begins
with Y« On the +tape the asame code as for normal programmes isa
ugsed with H=EBE and 8 = C .

At the end of a programme tape a second Iinput indication
mst follow, glving the location of the first instruotion to be
exacuted,. This has the form YpY ¢ begin programme on p. More
precisely: Y followed by blank tape = zZero meanss dbegin to
exocute on address mentioned in the last Yp. Thus the tape for
a programme beginning in 0 Jjust begins and ends with Y.

For more advanced users a number of more diffiocult fa-
cilities is available. Most of these facilities are connected
with counting.

A large number of variants of the instructions is derived
by beginning the address with a zero (normally suppressed).
These orders have a different meaning. Also a 0 and an R can be
attached +together. It is irrelevant whether the O precedes the
R or not. R ¢can also be attached at the end of the addreas.

" In having automatioally variable addresses with R it is
most desirable +to0 be able to advance the address not only by
unity but by an arblitrary amount. Thias can be effecied Dy pre-
paring the c¢ount with an instruction +pq and counting it of T
avery time with q by atiaching an address q - 1 to the related
-~ instrnetion. In scoordance with this, counting off by q = 1 is
done with -~ with a suppressed address q - 1 = 0,

Sometimes it 1s useful to vary an address not by adding a
count but by subtracting a ocount, resulting in an sautomatic
variable address running backward. This can be done by adding a
O together with the R on the instructions A, S, H, V, N, D, T,
U, X; X, B, V, and P, On ER only a forwardi xunning ocount is

paaaibla.

Gmmta can be preset +to0 2 caleunlated amount of times by
usings

+On s Prepare count 4o the number of times, mentiomed in n,

Of gourse this number can be 0. In this case the control does
not exeoute the next instruction but the instruction following
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the next instruction. In that case a jump supplied by %the pro-
grammer can completely delete the gycle. E.g.:

(5)=0
If (5)>0 exescute process normally

If (5) =0 skip process

Process

{n) are not allowed to be negative. In such a gcase the machine
gtope and gives an indication of the nature of the fault.

A possibility to modify instructions is through the in-.
struction:

-0n Put (n) into the count register as modifier

A following R-instruction is then augmented by {(n) (may be =0
or <0). Use is made of the count register so that an outer
count must be first brought in safety with +R.

It 1s appropriate o make some remarks about the +R and —R
instruetions. There are four registers IFor retaining inner

counts. Suppose they are numbered k = 0(1)3. Then the action of
+R and -R is:

+R ¢ = Count—k. Advance k-—+k'= k + 1 (mod 4)
-B 3 X —» count. Set back k—k'= k —~ 1 (mod 4)

30 these four reglisters are used cyclically in forward direction
on storing & count and are used in dbackward direction for bring-
ing back a previous count. 3y giving a number of -R instruct-
jons, it is thus possible to bring back an arbitrary count.
The significance of O on an E—instmc'ﬁian is aa follows:

Bp @ Jump to p if (A) >0 otherwise prooeed normally
EOp Jump to p if (A) <O otherwise proceed normally
ERp @ Jump o psocount if (A) > 0, otherwise proceed normally

EORp : Jump 4o peoount if {(A) << 0, otherwise proceed normsally

For reading in large quantities of consecutive numbers s
serial read instruction has been provided:

IOn ¢ Read numbers from the tape and put them into n and
onward until a symbol Y is encountered on the tape

To facllitate the uée of sub-programmes the X0 instruction
has been made as follows:

X0p @ Store a return instruction, giving the location whers
| the last jump came from, in p
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The use of this instruction in ‘the sub-programme is:

Main programme:

Jump to sub-programme begimning in 100

Store return instruction in 1201
(In this case X51)

Z 1s replaced by return instruction

The time of all +types of instructions 1is 30 ma on the
average, Relative instructions take 5 ms extra.

In a certain respect optimum programming is =still pos-
sible in +the simple code. A reading instruction (e.g. H, A, V,
X, D, etc.) in 1location p can reach number location p + 1 + 8k
without 2 walting +time. Thia makes the average time 5 ms
shorter. A writing instruction (U and T) in looation p can
reéach p -« 1 &+ 8k without a waiting +time. Thus the following
programme takes 60 ms instead of 75 ms.,

100 | HS Take number from 5. 5=101 {(mod 8)
101 | A6 Augment it by (6)
102 1 US Put it baock in 5

2,92 The real action of the interpreting programme

Just as all numbers are written in two locations, also the
instructions are split up inte two parts: an address part and an
operation paxt. The part of the store containing the.simple
instructions and the floating numbers begins in the real addreas
a. The instruction pairs use a and & + 2, a + 4 and a + 6, eto.

- The numbers mse a2 + 1 and a ¢ 3, a » 5 and a + 7, efc, °

For a s 1 will be written: a e 1 =1, Then an instruct-
jon =address p in a simple instruction is in reality address
& + 4p, and a number address n in a simple instruction .is 1in
reality address b + 4n. The abbreviations a .+ 4p = p' and
b4 4n = n' will be used. S
' The use of ‘the short registers during interpretation is:

9 | count.register ' | ) |
10 | mantiasa ‘ )

| } B-aoccumulator.
11 | exponent

12 | mantises
13 | exponent
14 | extraction instruction of the form ACp'E

: } Aﬂacéumﬁlatﬂr-
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15 lmooz — XEO000 normally

The form of a few ropresentative instructions for adminis-

trative functions are:

X108E12 - XK4BD - ADntC13
Em e {ac:a*m , Um X122Q8014

ACp'E . [ Ay
Ap {xn;anzﬁcm *P* 1x100123
Ep 3 ACp'E -q 3 A4q9+4

A1 7302' X131123

The actual interpreting programme for these instructions
Tuns as follows: -

Pre~instruaction

+ —» 100 | NEg
101 | A102BC14. } Augment exiraction instr. by 4
"102 | +4
103 | ACD104 } Store count limit
(104 in 104. Clear 9
105 | ABD106E14 Store return instruction
(106 } in 106 and 14
107 -} X3K4BD Extract next instruction
H ~—» 108 | A109BCE13 Tatl — 13 |
109 | +4 4— B
110 | NB14 ‘
111 | ¥3E14 } Advance extraction instruetion
112 | X3K4BD Extract next instruction
X-—> 113 | NQE14 Store new extraciion instruction
114 | NBET Stoz;a return instruction + 2 in 7
115 | NBC14 |
116 { X3K4BD } xtract neaxt instruction
B —» 117 | HC12 Take mantissa
118 | A119BC1471 } Test
"119 § +4 | Advance extraction instruotion
120 | NBE14 If pos.: new extr. instr. If neg.: pro-
121‘- X3K4BD } aaéﬂ.. Extract next instruection
U~—122 | NQE6 - Pre~instruction. BExtr, instr. + 2B
123 | A124E4 ADn'C13—» 4 | i
"124 | XX002-X000.T |
125 | A126CE5 . ADn'42X6 —» §
1126 | X3KSBD-XK5 X3K5BD-XK5 —s6. Extr. instr. + 4 B.



127
128

129 |

130
- -y 131
132
133
134
135
136
137
138
139
140

NBE14
NC12

N9
N
A102BC14

AT104E9

ABO106V

NBE14
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Re-stores extraction instruetion

Take mantissa
Jump to 4 and execute one tlime

Augment count
Augment sxtractlion instruction

Re-gtore count, subtract test limlét

If neg.:teke return instr. IT paa;:pra—

geed
Store extraction instruction

Extract next instruction

Of oourse the parts for addition and multiplication are

mach longer. The action time foxr these parts is not more

than

really needed for the arithmetic, beocause thase programmes are

completaly opiimum.

The action diagram

be glven below,.

g Un

qQ+1

Hn

for the following shori programme will

Junp to g
Store in m
Take in (n)

The interpretation of <+the preceding instruction ended with -

NBC14
_X3K4BD

' Pake in extraction instr., (14) = ACP'E
Extract nexi instruotion

The action diagram is:

T O E e e

B

S e el O ma  Eew

X113QBC14

_LCIE)'*"!E |

'NBC14

X113QBC14 | %

X114QE14
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A B C | D
(ACq'E ACp'+1BE X114Q814)
ACp!'+2E X1 15BET ACQ'E ~—»14
X116BC14 ACD'+2B— T
- om oo JACQTE | JAIKABD ) o e e e e
ABCq'+2K ACQ'E X3K3BD x
ADm*C13 X3K3BD

X122QBC14 _| X3K2BD

ACq'41E X123QE6 |
ACqQ's2E | A124B4 | X125QE6
ADm 't 42K6C X125QE6 ADm'C13 —» 4
| ACqre3E A126CE5 | X127QE6 Q still active
X3K5BD-XK5 X127QR6é | ADm' ¢ 2K66—» 5
ACQ'¢4E X128BE14 X3K5BD-XK5 —» &
Xi29c12 ACqQ'+4E —14
x A X1 .
ADn'C13 XS5K %
\ 4 x.5K X ~—am’
ADm'+2K6C | X5K+002 |
N I X3KABD_ _ e JY w2
ABCq'+5K ACqf+4E X3K3BD %
X10881 2~ X3K3BD
AK4BD ABCq'e5K | X3X2BD
ACn'E4 X3K2BD '
.- ABCn'+2K4 |'ACn'E4 X3K1ED *
(n*) X3K1BD X10BE12-XK4BD 4
ABCn'+2K4 | X4KBD
(n's+2) X108B12 %
A109BCE13 | X110B12 (n') —s12
4 X110B12  (n'e2)—s13
X111814
ACq' +8E X112BE14
X3K4ABD ACq'+8E -—»14

For a total number of 39 instructions, only 17 instructions
are aotually specified. The points where the machine must wait
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are denoted by asterisks. When -all these polnts are comnted
foxr 5§ ms, then the total time of this example is 53 ms. By opti-

mum programming in +the aimple code another 10 ms can be eli-
mi‘ﬂa‘bad;

Espeoially noteworthy 1is the instruction X4K1 in the
U-part, From this point three word pairs are atored or extracted
without reference to a programme on the dxrum, thus eliminating

walting time for Instructions.
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Part 3. Simplification in the sitructure of machines

The easential txgaa of operations

In +the previous parts it appeared several times that by no
means all the kinds of operations in a computer are indispensw-
able, We shall now proceed to an investigation with regard to

the operations +that are essential. This yields the following
resulis,

Shifting to +the left in the ’Dbinary system is merely
doubling, +this is adding to itself. So when there is an in-
struction to add, shifting to the 1left is superfluous. It is

also possible to shift by multiplyings in that case the tail of
the product must be kept.

Shifting to +the »right o0an be carried out by means of a
multiplication by -§~, the head of the product being kept.

The stop order is superfluous because it 1s posaible to
meke a conditional loop-stop as is aotually done in ZEBRA.

Input =and oubtput iIinstructions will not bYhe consgidered
further, bhecause a special register can he designed in suoh a
menner that, when 2 number is written in +that register, this
number is taken to an cutput uni$, while another register can in
a 8imilar manner provide for the input. This procedure has al-
ready been described for the machine ZERO. Imput and output al=o
can be performed bhy oompletely aseparate units loading and un-
loadling the store,

The conjunction instruction can be replaced by a cycliocal
programme containing shifts and test inatructions. The corres-
ponding digits of the two numbers which are to be conjugated,
are oonsgecutively shifted +to the sign place and tested, after
which the conjunction result is shifted into another register,

The only elements of a multiplication are testing, shifting
to +the 1lef't, and adding, so that s multipiication can he pro-
grammed entirely in additions and +test orders. An elaborate
example is given in +the dsscription of ZERO., A divislion can
be prograzmmed in a similar manner,

One of the orders +to store is alsmo superflucus, If only
gtoring with olearing is present and the number in A must be
kept, it ocan Dbe extracted again after the atoring procesas.
Storing without olearing is also sufficient. Then clearing can

be vperformed by . subtraeting +the number <that has just bsen

stored,

Adding and subtracting with clearing can be cancelled, be-
csuse the accumulator ocan be cleared with store and olear or
with store withont clear a._mi auhtract.

So there are left the operations store with clear (T), add
(1), subtract (S), Jump (X), and some form of test order. For
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the sake of a clear understanding the latter will not be cen~
nidered as a functional digit but as an independent instruction.
Sometimes a disgulsed operation oan function as a tsst, just as
in the ZERO, but nevertheless the hardware required for it musi
be pravidad-;

One of the orders adding or subtracting is superfluous,
It is quite olear +that subtiracting Iis superfluous, because
42 »= ~(-a), A sum 2 + b oan be formed by taking ~{~a - b).

It is not self-evident that it is also possible %o maintain
the addition and to omit +the subtraction. -~z can be written asi

=g = =1, = 1111111.84 = & EEJ = 23.23

Bagh of these separate terma osn be formed by shifting to the
left. Further there are only additions. It is at any rate easier
to maintain the subtraotion.

It is a widespread opinion +that auntomatic computers are
universal ™Dbecause +they have a facility to discriminate, a test
order. That this test order too is superfiuous can be proved in
the Tollowing manner. For this purpose it is most practical to
put the address part of an instruction entirely to the left in
the word. Let the storage capacity be 2B, then 'b?a address digit
on the utmost left hand side has the value 2%', The programme
example also makes use of addition but this can of ocourse bhe
programmed entirely in terms of subtractiona, Then the proof can
be divided into two stagess |
1, Showing <that 1t is possible to separate the leftmost digit

(i.e. the sign digit) from the other digits of a number.
2, Making a wvariable instruction from +he leftmost address
digit.

The easieat way is to start with 2, When the sign digit
of a number has somehow been separated from this numbexr and put
into the acoumulator, a bifuroation can be made by means of the
next progranmet

a|i a3 Add the constant Jump Iinstruction o
the Eigﬂ d.igit:
asl | 5 ae2 Put the jump instruction in a + 2
(as2 Jump taa+4or.taa+4+2n‘“1

"asl | X asd Conatant

On a+4+ 2 t there can be an instruction to Jjump 1o 8.
sultable lasatian. -

By means of a plece of programme of this kind point 1 can
~be. proved, It is possible to shift the number n places to the
left 80 that +the rightmost digit is ocoming on the sign digit
place, It 1s ©possible. to test by means of the said programme
whether this digit is O or 1 and to remove this right-hand digi<
£rom . the original numder, In the same manner the (n—’-'!)th digit
can be removed from <the number by shifting n-1 places by
testing. Finally only the sign digit is left, after which the

- attual test can be performed.
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Tn this satage we should like to draw the attention to +he
relation existing between the three operations: test;, shift to
the right, -and conjunction. As soon as only one of these oxrders
is present, it is no longer difficult to execute the +wo other
orders. Multiplication and also shifting to the right can be
programmed by means of a test and an addition, If only shifting
cgn be performed, it is easily possible to bring the sign diglt
in the least significant place and then a variable jump can be
made, It is also possible to cut the sign digit from z number by
means of conjunotion only. The  property, which these three
operations have 1in common, is the fact that they all destroy =
great part of the information in a2 woxrd. In the adding process
it is more difficult te¢ lose information. Only on overflow in-
formation gets lost (one digit.at a time and on the wrong side
of ths number). It seems that this lose of information is an
essential element in an automatic computer. (Cf. 3.3)

The remaining operations are X, S and T, Of these operat-
jons 5 and T can be combined to one single oxder, which will Dbe
called B.

The sction of B will be:
Bn i (1) - (n) — A (A)— n

S50 a subtraction is made, and the result is stored at the same
time. That nevertheleas all inatructions c¢an he performed Dy
means of +this order can bhe proved by showing that the S and T
operations can be programmed in terms of B. However,before doing -
80 we shall give a method to ¢lear the acoumulator with B.

a | Bn Subtract (n). Let the reault be x. Put
x inton

as+l | Bn Subtract x from x. A aind n are both
cleared

Now the S—coperation can be coded as followsas
At the outset (A) = x, {(4) =y, and (0) = ©

100 | BO x—»0

101 | B4 X > A4
102 | BO -y > A0
103 | Bt

104 | B1 00—+ A 0~ 1
105 | B4 Yy ~-X—A—{
106 | B1 ¥=X—24-—1
107 | B4 O~» A~» 4
108 | BO y—=A—>0
1090 1 B4 Ve A—» 4
110 | BO Quw» h—s0

111 | B1 X - y—>A—1
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30 after the operation (A) = x - ys (4) = y, and (0) = O, just
as required for an S-—opersation.

The T-operation is performed ag follows:
At the outset (A) = Xy (4) = 7, and {0} = Q.

100 | BO x—»0

1011 B4

102 | B4 . Q- A—4
103 | BO . ax-—»A—0
104 | B1

105 | B1 0—4

106 | BO x—A—>0
107 | B4 X —» A —»f
108 | BO Q—r A —0

So after the operation (A) = 0, (4) = x, and (0) = O

Thus 3t has been shown that every programme that can be
written in terms of 5 and T orders can also be written in terms
of B orders. Mostly, bowever, a problem can bettexr be programmed
direotly in terms of . B. For example: (2) + (3)—4, (2) = a and
(3) = b. (2) and (3) may not be destroyed. Then +the PIOZTamme
can be as follows:

100 { B4

101 | B4 O—A-—4
102 | B2 - “B i A~ 2
103 | B3 -8 ~b—>A—>3
104 | B4 - 8 = b4
105 | B3 O~ A —» 3
106 | B2 a—» A—>» 2
107 { BO 8~ 4 —»0
108 B3

109 { B3 O—> A— 3
110 | B4 . a4+ b—s A4
111 | BO b—sfAws0
112 | B3 b— A>3
113 | BO 0—4—0

The eluoidation is self-explanatory.

Now +he machine knows only +two types of instructionsi
X and B. As a last step we shall discuss the cancelling of the
X-operation. Inaide the machine the alternation betwsen in-
| atructj.on pexriod and operation period must still be maintained.
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Thia can be effected by an automatic alternator. The contents of
the control register are then alternately used for the B-operat-
ion and for the intermediate A-operation. An external jump can
be made by interyupting the normal alternation, just as this has
been done in all other projects of this thesis, For this inter—
ruption the address 0 can be used very effectively.

' The operational part will then be:

Xns () D (n)—C The next instruction is of the

type B, if (D)# 0, otherwise it is zgain an instruct-—
jon of the type X

Bon (D) +« 1—C (C)—D (A) - {(n)—n (4) = {n)— 4
The next instruction is of the type X

A 2zero detector tests whether the number that flows out of
B is O, In this case® the normal alternation X «—— B is inter~
rupted. This g2ero detector 1is a device which can be conatructed
very easily In a serial machine. It consists of a storing
element which is set on the first 1 flowing out of B. If, how-
ever the number does not contain 1 then at the end of the number
the device is still in the rest condition. After having taken
into account the position of this zero detector it can be reset
again to zero. '

An example of & programme is:
B-opsration with address 10
B-operation with address 12

Preopare Jjump
Jump to 8.

-,

B-operation with address 13

The action in 'tha control is:

c b
g | . X
10 . 2 B
3 10 X
12 3 B
4 T 12 X
B T Y B | |
5 0 ' X. Here (D) = O. So the following
- operstion is again X.
8 5 X
13 8

" 8%0. f
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3.2 The purely one-operation maehine

Though in the preceding paragraph the operation part of an
inastruction ocould entirely be deleted, a disgulsed jump order
was nevertheless maintained, Decause &8 special asequence of

addresses was used,

In +this oparagraph it will be shown that even thls is not
essential but that by means of a purely jumpless machine all the
operations can yet be ocarried out. From a technical point of
view this only means that the zero detector on B is no Jonger
rieeded, Now the X -~ B alternator is always operated. S0 intern-
ally there still exists: extract a new instruction, but extern-
ally the jump does no longer exist. The consequence is that the
machine is only able to rTun through all the inastructions in +the

store sequentially.

Operation digits are no longer required. It will be as-
sumeéd that the addresas fills the entire word of n bita and +hat
the store containa 2P registers. It will have to be shown that,

by means of a cexrtain fixed programme, part of the store can be
used for a programme in a normal ocode that is to be interpreted.

We may suppose all the normal erders such as add, subiract,
multiply, test, Jump, ete, <0 ocour in the code to be inter-
preted.

As & Jump dependent on a number can no longer be made, but
as 1t ia atill posgidble to extract a numbexr from a variable
address calculated by the machine, an operation c¢an be inter-
vreted zs follows:

First determine the results of all the operations that are
pogsible and then seleot the correct answer, By answers are not
only meant the arithmetic anawers but also the words +that have
to go to the registers for simulation of the control registers
baelonging to the machine tc be interpreted.

Now the problem ocan be split up into two partss
1. Performing the sciual operations.
2. Running through all the words in the remainder of +the atore
(including the programme to be interpreted).

| Numbers may not bYbe run through, because otherwise thease
arbitrary numbers are carried out as instruction. These in-
atruetions ocan be quite harmful. That ia why these numbers must
be put in safety by means of a +transfer programme. The Pro-
gramme meant undexr 1 wlll be called the active programme.

| In the first place it must bhe proved that all the operat—
ions requirsd in the code to be intefpreted, oan be carried out,
Strictly apeekiﬂg it will be sufficient, if 1t is8 proved that a-
B-instruction and a jump ocan be interpreted. Multipliaatian oto.
am, hawwar, alm: be intsrprataé diraatly;

: In the second place it must be proved that it is pﬂﬂﬂi‘bla |
‘lm make 'tha tranafer part. |
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Interpreting B and X comes dowm to the following activ-
itien:

Bn s (C) « 1—0C (A) - {(n) —=n (A) - (n) —4
An : n-»0 (n)—=n (A) — A

In all cases (C) + 1, and (A) - (n) are calculated by the active
part. This is simply possible with a stretched programme. Thesze

intermediate rTesults oan Ye put together with n, (A), and {n)
into working registers. lLet us suppose that the leftmost 1 in a
word in ths code to be interprsted indicates whether an operat-
ion i8 & B or an X. This digit can be ameparated in saccordance
with a method which 1is analogous to the one mentioned in the
preceding paragraph and applied to avoid +the test operation.
With this method it is not possible to make a variable Jump, but
the extraoted digit can bPe used to form s variable addresa.

The complete process is then as followss
Shift the number {(instruction to be interpreted) so far to the
left that the rightmost digit comea entirely at the left. Make
& variable insiruction from it. Extract by means of it the con-
stant O or 1 from looation x or from +the location which is
situated diametrically with respect %o x. Subtraot this from the

original number, Remove in the same manner also the other digiis
from the numbex except the leftmost one.

Thus 31t is poasible te extract the address n f’rom the in—

struction, to extract (n) and to make & variable storing - order
0 n,

By means of the leftmost digit of the instruetion to be in-

terpreted (au the operation part) +three wvarisble orders oan
be made which bring: - |

(x) = (C) + 1 —»0 . C  (xe2®H an —o
() = (4) - (n) —n ox (y + 21 « (n)—n
(2) = (&) - (n) —4 (z +2%7) = (a)— 4

Now the interpretation has been 'aa-mnnlatad.

When programmed out in terms of B and X, several 0,pa§ations
require =a nug'bar of B and X-operations of the order of n“ (such
a8 test) or n- (such as multiplication). In any case the number
of instmuctiona required can be contained in the_store when only
n ip greater than a certain amount N, because 2 goes up faster
than n2. It is extremely difficuilt to make an exact quantitative
statement, because thia depends very much upon the exaci way of
sonstructing the interpreting programme. As a rough estimate
N Will be 2}5; |

" The transfer programme starts from +the structure of the
aotive programme plus the working registers. Let us suppose that
this part consista of four parts of equal sizes the active ko 6 O
gramme (A), half of the working registers and the constants ‘H’i),
4he diametrical half of the working registers and finally
the eoffective vpart (N), which can contain the programme to be
interpreted, These four parts can always be made of +the =same
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gize by filling them with zeros, (A register containing 0 with
(A) = 0 is a dummy instruction, because O0—=>A—n

Furthermore . the tranafer programme ITegquires a group c:f.;'
gpare Yegisters R in whioch A, N, Wy, or W, can bhe stored
temporarily. The structure of the entire programme can be as

follows:
" o zﬂ-f
A | ~ N
- R
R— N
ﬁ'1—-a-R Wg‘-—r R
O -—IW,I 1§ JEE Wz
¥, W,
R—ﬂW1 R-*WE
N—R
b O—=N 0—R
2" - 2~

At the outaet R 18 entirely cleared, Then A is sarried out.
R ie traversed without damage, W¢ is put in safety, cleared, and
traversed, otc. All +these tranasfer parts are stretched pro-
grammes, .which require quite a number of instructions for eaoh
word to be +transferred. So by indieating a possibility of
solving +the problem +the preof has been completed. The given
solution need by no means be the best,

-

3.3 Conclusion

- In "On aémputahle nﬁm’bara“, TURING *) does not. exercise
restraint a8 regards +the size of the maohine oxr the extent of

the satore. "Therefore  +tha o¢lass of the computable numbers is
infinite. From a praotical point of wview it is, however, hetter
o restrict onesslf <o finite machines. Then the Jatter can
- no longer be called universal in the sense of TURING, Dbecause
they cannct generate all "computable numbera", | -'

As it has already appeared from the deaigns in this thesis
arithmetlic unit and oontrol ecsnnot bYe zrigorously sgeparated.
- Together they may be ocalled the operationsl part of the machins.
On ‘the other hand +there is the atore (plus the selsction
mechanism)-which is suppesed to be of uniform sitructure.

We 3hé.11 not discuss two-level stores, nor input a_nd' au'l:;-'
put, We ocan Iimagine +the machine to be filled with a separste

*} KA. M, Turing.- -On 'aomguta‘ble numbers. Proo. Lond. Math. Soc.,
- 42(1938)230. - -_
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external process., After that the machine operates and then the
results can be read directly from the store. PFurthermore only
the addressaes need play a rfle in the instructions. The action
of the machine can be considersd to be effectuasted in selementary
steps, which e.g,. consist of one word periocd. Parallel and
serial = machines can be dealt with from a uniform point of view.

it is possible to define a number which represents the
state of the whole machine at a certain moment. The state of the
gtore can be represented by making +the contents of all the
registers together form one long number. To these contents nust
be added +he contents of the registers of the cperational part
plug the contents of some isolated storage elements for single
blt¥s, The Jlong number obtained in this manner, determines the
internal state of the machine. Let e.g. the length of the number
in a register be n. Then +the maximum size of the store can
amount to 2% registers. Let us supposs that in the operational
paert there are p single word registers and Lk single bit

storage elements, Then <+he number defining the state contains
n.2% + p.n & ¥ bits.

As +the machine funotiona on a strioctly causal basis, =&
cortain state will also determine uniquely the next state, etc.
5S¢ at a given initiamsl condition and at a given structure of the
machine the course of the computation is altogether fixed. As
the machine is supposed to he finite and as there is consequent-
ly only & finite number of states, a sgsequence of statea must
finally end in a oycle with a certain period, because, as soon

a3 the same state is reached again the next state is the same
again as before,

It is not necessary that the initial point too should lie
on the cyecle, it can also lie on an "offshoot". There oan
(and mostly will) bYbe more. than one aoycle, So the state dia~
gram in principle looks like this: -

Among +the enormously ‘large number of initial states which
are possible, there are only some which perform a function %0
.which we attach. significanoce.

- If a problem Etﬁp.ﬂ- at the end, this can be reslised by
making & loop-stop, which means that +the =route in the state
diagram ends on a point-circle.So the actual problem lies en—
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tirely on the offshoots., A problem +that 1lies entirely on a
circle, larger +than a point-circle, cannot stop. The "result®
is dependent on the moment at which the state 'is belng examined.
Thia representis e.g. a useful problem in the case of determining
s pseudo-random number (given by the contents of a certain
register at an arbitrary moment). Moast problems lie, however, on
the offshoots.

In a computer three kindsg of elements can be distinguished:
1. Conservative elements.
2. Reducing elements,
Y, Dissipative slements,

In a oconservative element no information is lost. 4ll in-
formation that is8 goling into it, also leaves it again, be it in
a ohanged form., Examples are the delay line, and the invertor.
From the result it can be deduced back what the data have been.
As long a8 in the state dlagram states are traversed which meake
use only of conservative elements, ‘there are no junsction peointa.

Reducing elements decrease +the quantity of information
flowing into them. The Iinput data cannot be deduced bhack from
‘the output only. Example: an adder. 1t is, however, poaslible to
deduce part ¢f the input information from the rest of the input
information +‘ogether with +the output information. (E.g. when
a+4b=cthena=06-% ). 30 in some switching oircuits an
adding unit need not lose information provided that the required
part of <+the input Iinformation is retained in another manner,
It is, howsvexr, also possible to lose part of +the information,
Soe in doubling a number it is not possible to reconstruct the
lost digit on the left, but all other digits can be reconstitruct-
ed by shifting to the right, because we know in this oase +that
the result has been formed by shifting to the left. So depend-
ent on the use made of these reducing elementa, they are sone~
times reversible, sometimes lrreversible.

The disasipative elements are at any rate irreversible. They
cause a cortain part of the information supplied to them, <o be
lost. Examples are conjunction and disjunction elements., These
elements are ssaentially irreversible. In the state diagram the
junction points are caused by dissipative elements or sometimes
by reducing elements.

For some structures with state diasgrams which are mainly
cyclical, TUPARD *) and VAN WIJNGAARDEN *™) have considexed the
period of the cycls.

S0 +the fact that by far the grester number of problems are

*} B. J. A. Duparc. Divisipnility properties of reourring se-
quences., Thesis, Amsterdam, 1953. | '

He Jo. A, Dupare. Periodicity pmﬁar‘biaa of recurring sequences.
Proc. Kon. Ned. Akad, Wetensch., Amsterdam, A57(1954)331 & 473.

*™) A. van Wijngaarden. Dynamica van rekenmachines, Syllabus
colloguium Moderne Rekenmmachines, {1954) March, 27th. Mathe-
matisch Centrum, Amsterdam.
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lying on +the offshoots in the steate dlagram, is mainly caused
by the action of the dissipative elements, The loss of infor-
mation 3in +thess elements appears to play an sssential »6le in

computing macinines. This is perfectly in saoccordance with +the
irreversibles character of caunsal procesass,

The author ras not found an essential difference betwsen. an
arbitrary machline with a certain state diagram with offshoots
and any normal computer. At best one can say that the numbexr of
problems +that can be tackled in @ machine with a larger number
of offshoots is larger than the number of problems-that ecan the
- processed in a simple machine with & simpler state dlagran.
Furthermore the  appreciation of what a machine can do is highly

dependent upon what we call 2 problemy, and what we gconsider
useful transformation rules,

A problem +thét arises here, 1is: what 4is the minimum

operational part required to conirol a atore of a certain sigze
effoctively?

This problem greatly resemhles the problem dealt with in
paragraphs 1.63 and 2.86: what 1s the smallest possible pre~
input programme at a given atrunocture of the machine?

As phown in the previous paragraph, various orders are not
necessary. If we do not object to the enormous slowing down, we
can yet make & one-operation machine normally usable for every
code desired, viz. by means of an interpreting programme., From
the beforegoing 1t appears +that some of the functions of the
operational part can be trangferred to the satore. This inter-
preting programme can operste in cascade: a central programme
interpreta a programme that has more facllities, and <thisx pro-
gramme in its turn interpreta an extensive code., This requires,
however, a c¢onsiderable part of the satore., 3By means of an
operational part with a word-length of n diglts a store with
only 27 registers can be covered. So there will be a value n,
with which it is no longer possible to get +he desired inter-
preting programme into the store. Then we are faced by the
sltuation +that +he “"oatalogue £ills up the entire library". If
the operational part is made more complicated, <+the lower bound
of the capacity of the store can be brought down, It is more a
question of economy @ to determine the optimum capacity of the
store, and the complication of the operational part, in relation
o the speed and the price.

I+ 3is wery remarkabls that the machine ZERO is already »
practiocable machine, though it is hardly more ocomplicated +than
the one-operation machine, whioh 1is oompletely unpraoctical.
- Perhaps a ¢ertain optimum has been found already intuitively.

The problem of the simplest pre-~input programme shows a
certain conformity in so far that there seems to be & minimum
simplicity, - which for PTERA amocunis to0 5 instructions. By means
of these instructions a certain length of tape can be ocontrolled
effectively in the same manner as it happrens with a cascaded in-
terpreting programme, In various stages the normal lnput pro-—
gramme is put in, which programme in its turn can organlise again
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larger tapes (or parts of the store). So if the machine only has

at 1its disposal the pre-input programme and a certain length of
tape (here the tape entirely plays the rble of store) on which

all the data required for a normal input programme have been
put, *then no more useful problems can be tackled, because the
oentire store has bsen filled with the necessary data,

.In this Jlaat provlem +the qualitative character of these
congiderations are clearly shown. For the time being it still

depends on the inventiveneas of <the programmer or engineer
whether the l1limit of simpliocity can be economically reduced =

l1ittle. A need for a2 more exact caloulus for treating these
problems iz still nesded.
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STELLINGEDN:

O,

Ben inrichting voor het automatisch verkrijgen van de Juls-
te terugkeerinstructie bi] het gebruik van gesloten subprograms
in een rekenmachine heeft voor het gemakkelljk programmeren veel
waarde en is ¢p elk type machine eenvoudig te maken,

kN
Het is in een rekenmaohine van voordeel om een accumulatox

van dubbele lengte (resp. twee acoumulatoren van enksle lengte
die gemakkelijk gekoppeld kunnen worden) ter beschikking te heb-

ben .

2,
Het 1is aanbevelenswaardig om in informatieverwerkende

machines slechts  enkele szorgvuldig voorberelde en Ydbeproefde
standaasrdachakelingen, uitgevoerd als insteekbare eenheden, +e
gebruiken, Daarbij beboort van zo min mogelijk buistypen en voe-
dingssvanningen gebruik gemsakt te worden.

3.
Het invoeren van een genormaliseerd gebrulk van benamingen
voor de meaest voorkomende electronische schakelslemonten is zeeXx

gewenst.

4.
De bewering van WILKES dat een systeem van drijvend adres-

seren, waarbij alleen nasr reeds ingeszette adresssan verwezen kan
worden, van geen of weinig waarde zou zijn, is onjuist.

M, V. Wilkeas. The use of a "floating addresa" system for
orders in an automatic digital computer.
Proc. Camb. Phil. Soc., 49(1953)84.

5 -

| LUBKIN heeoft +trachten =aan te tonen dat een invoerorgaan
dat nlet onderling gesynobhroniseerd is met de interne machine
nooit met volledige zekerheid (waarbij de electronische elemenw
ten als ideaal beachouwd worden) informatis kan invoeren., Deze
bewering houdt echter geen steek.

S. Iubkin, Asynochronous signals in digital computera.
Math. Tables Aids Comput., 6(1952)238.

6a

Len dinzetsanwijzing wvoor het als parameter vastleggen wvan
het adres volgend op het laatste adres van een subprogram als
egrste adres van een volgend subprogram kan beter aan hest eind

van een subprogram dan aan het begin van het volgend subprogram
gogaven worden,

- T

. Als vp = 2, W =1 en Vg = V.1 + V.2 VOOT k 2> 2, dan
volgt uit het priem zijn van p, dat v, = 1 (mod p). Ondanks het
feit dat omgekeerd uit vy = 1 (mod n) niet de primaliteit van n
volgt, kan deze stelling tooch van groot nut zijn bij het onder-
zoek nasr de primaliteit van getallen.



8.
De manier waarop OBERMAN enige nieuwe logische verbindings.

tekens in de schakelalgebra invoert is aanvechtbaar. De wi Jne
wanrop hij Eﬁiga gﬂlijkhﬂﬁ.ﬂﬁ betreffonde de door hem ingevaamm
aftrekking tracht te staven, is niet gefundesrd.

R. M. M. Oberman. De bewerkingstekens in de schakelalgebra,
Het PTT-Bedrijf, 6(1954)1.

9.

Men kan de optische doorrekeningaformules door het invoeren
van geschikte varisbelen zodanig omvormen dat exr een bijna volw
komen dualiteit ontstaat tussen de grootheden en formules die de
overgang van opperviak tot oppervlek beschrijven en de groothe-
den en formules die de breking aan een oppervlak bveschrijven,
Deze dualiteit strekt zich verder uit dan het resds door HERS-
BERGER uitgesproken beginsel.

M., Herzbexrger. Uber ein Dualitdtsprinzip in der Ontils,
Zeitachr, fiir Physik, 91(1934)323.

1GC.
Bij het onderwijs in het pianospel is het laten spelen van
toonladders met uniforme vingerzetting van groot nut,

11.

Bij blinden zijn de andere zintulgen niet hoger ontwikkeld
dan bij zienden, ZiJ hebben er alleen beter gebruik van leren
maken. Bijv. kunnen zlij op grond van bepaslde verworvenheden een
bijzondere "aanleg" voor programmeren bezitten.

12.

Het is waarschijnlijk, dat de texrugkoppeling nodig voor het
behsersen van de spraak slechts voor een deel via het gehoor en
voornameld jk via het gevoel gaat.
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S AKNSHNVATTING

™Tn dit nroefaschrift vworden enipe onftwernen van senvowlige
rekonmnehinegs hehaadeld, In deel 1 wordt een reeds voltoolde re-
kenmachine, genaamd ToHA besnroken, In decl 2 wordit een nieuw
antwern genawnd Z38RA behandeld. Deze beide ontvernen, benavens
aort reeda eorder door de aschrijver gerubliceard ontwerp saven
aanleidin;; tot enkele theoretische beschouwingqen die in deel 3
7ijn verenigmi.

Alle ontwernen maken ter wille ven de eenvoud gebruilz van
heti sweetallipe stelsel., De petallen worden steeds in serievorm
retranaportesra en het geheugen is steeds een nmagnetiache tron-
mel, Tere VOIrm van g&lw‘ue’en is gekozen op grond van zijn be-
trouwbaarheid en lage prijs; hoewel de hehandelde principes
ovengoed toepasbaar zijn op andere vormen van seriegeheugenasa.

Dp PTIRNA is een machine waarbij is uitgegnan van enkele be-
gtoonde schakelingen voox het rekenorgaan en voor het ge-
heusen, pDe bijronderheden zijn gelegen in de wijze van organi-
satic von de Ybesturingsregisters. Gedurende het halen van een
volgende instructie verricht het rekenorgaan in de meeste andere
machines geen rekenhandeling. Het is dus in die tijd beschikbaar
om ten lbehoeve wvan de besturing enige functies te verrichten,
met name het onhogen van de inatructie die de volgpende instrue-
tie moet halen. Zen tweede bijzonderheid is het meevoeren van
ean onerantiemedeelte door de instructie die de volgsende ingtruce
tie moet halen, Dit betckent dat ook de instructiecyclus en niet
alleen de oneratiecyclus een nuttige handeling kan verrichten.
'ndelen wvan de TTERA zijn de geringe snelheid en het niet vol-
ladig benutten van de mngelijkhedan van de bhovengencemde begine
selen. Deze hesvaren zijn in de ZERRA ondervangen.

Tijdens de bouw van de IPTERA werden naast elkaar ontwikkeld
de IZITDRO, een machine die reeds eerder beschreven is en die ge-
diend heeft als experimentele machine, en de 3LBRA. I dast de
hijeondere wijze wvan behandeling wvan de beaturing maken deze
nrojectsn gebruik van functionele cijfers in het operatiegedesl-
te van de instructies. Hiexrdoor kon in ZEBRA een grote flexibi-
liteit en een grote eenvoud bereilt vorden. TDooxr de aanw ezighaid
van de functionele cijfers kon ool de instructiecyclus in hoge
mate effectiel gemankt worden, De eenvoud eiste het ontbreken
van een ingebouwde vermenigvuldiger en deler. Dit gaat evanwel
niet ten koste van snelheid of van kortheid van programmexen., De
grote winat in snelheid werd bereikt door optimale programme-
ring. JAan de hand van vele programs worden de mogell jkheden van
dit project toegelicht; o.,a. wordt de organisatietechniek wvan
interpreteornropgrams voor rekenen met drijvende komma hesproken.

Deel 3} behandelt de probleemstelling: wat is in een reken-
machine essentidel en hoe wver kan men gaan met vereenvoudiging,
Als uitgangspunt werd de ZIENO gekozen, 3Bewezen wordt dat vels
soorten oneraties niet ingebouwd behoeven te worden, 0.a, verme-
nlgvuldigsen, reconditioneerde oneraties, schuiven, enz, Door in-
Voersn van een nieur type operatie wordt beweren dat slechts één
soort operaties essentiBel is., Zelfs de sprongopdracht blijkt
niet neoodzakelijk te zijn. Besloten wordt met enige kwalitatieve
basehauwinpen over de tot het uiterste vereenvoudigde ontwerpan,
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